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Cytochrome P450 Retinoic Acid 4-Hydroxylase Inhibitors: Potential Agents 
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Abstract: Retinoids play a crucial dIc in cellular differentiation and proliferation of epithelial tissue and 
their utility in oncology and derma o logy is well documented. This mini review focuses on the role of 
all-/raiu-retinoic acid (ATRA or RA), the principal endogenous retinoid and its metabolism in cancer 
therapy. 

ATRA has been used successfully in differentiating therapy of acute promyelecytic leukemia and other 
types of cancers. However, its useftlness is limited by the rapid emergence of ATRA resistance due (in 
part) to ATRA - induced acceleraticn of ATRA metabolism. A novel strategy to subjugate the limitation 
associated with exogenous ATRA tr erapy has been to modulate and/or increase the levels of endogenous 
ATRA by inhibiting the cytochrome P450-dependent ATRA-4-hydroxylase enzyme(s) responsible for 
ATRA metabolism. These inhibitor are also referred to as retinoic acid metabolism blocking agents 
(RAMBAs). This review highlight. 1 development in the design, synthesis and evaluation of RAMBAs 
since 1987. Major emphasis is gi/en to liarozole, the most studied and only RAMBA to undergo 
clinical investigation and also the recently developed novel and highly potent 4-azoly retinoids. The 
potential role of a new family of cytochrome P450 enzymes, CYP26, with specificity towards ATRA is 
also discussed. 



INTRODUCTION 

Retinoids (vitamin A and its natural m;tabolites and 
synthetic analogs) are currently the sublet of intense 
biological interest stimulated by the discovery and 
characterization of retinoid receptor and the realization of 
these compounds as nonsteroidal small-mole ;ule hormones 
[1J. All-Ziam-retinoic acid (ATRA), the biologically most 
active metabolite of vitamin A plays a major role in cellular 
differentiation and proliferation of epithelial tissue. 
Differentiating agents redirect cells toward.; their normal 
phenotypc and therefore may reverse or suppress evolving 
malignant lesions or prevent cancer, and indee J represents an 
attractive target for medicinal intervention. ATRA is being 
used in\ differentiation therapy of cancir, in cancer 
chemoprcvention and for the treatment of acn<: [2]. Recently, 
ATRA has proven useful in cancer chemother ipy [3]. One of 
the most impressive effects of ATRA is on acute 
promyclocytic leukaemia. Treatment of acute promyelocylic 
leukaemia patients with high dose of ATF.A resulted in 
complete remission [4, 5]. Furthermore, seveial experiments 
in animals have demonstrated that ATRA inhibited the 
induction and caused the disappearance of prostate tumors 
[6J. In spile of these encouraging results, the effects of 
prolonged ATRA therapy on human cancers h the clinic has 
been scarce and disappointing [7]. It has been suggested that 
the therapeutic effects of ATRA are undermined by its rapid 
in vivo metabolism and catabolism by cyDchrome P450 
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enzyme(s) [8], An important consideration is that two 
cellular retinoic acid binding proteins (referred to as 
CRABP-I and CRABP-1I) are believed to be involved in the 
presentation of ATRA to metabolizing CYP enzymes [9]. 
However, a discussion of CRABPs is outside the scope of 
this review. It should be stated that the two natural isomers 
of ATRA, 9-cis-retinoic acid (9-CRA) or 1 3-cis-retinoic acid 
(13-CRA) are also being investigated for cancer 
chemoprcvention and/or therapy. 

One of the strategies for preventing in vivo catabolism of 
ATRA is to inhibit Ihc P450 enzyme(s) responsible for this 
process. Indeed, this seems to be an emerging approach that 
may yield effective agents for the chemoprevention and/or 
treatment of cancers [10]. This review highlights 
development in the design, synthesis and evaluation of 
RAMBAs since 1987. Major emphasis is given to liarozole, 
the most studied and only RAMBA to undergo clinical 
investigation and also the recently developed novel and 
potent 4-azoly retinoids. The potential role of a new family 
of cytochrome IM50 enzymes, CYP26, with specificity 
towards ATRA is also discussed. For recent presentations of 
work in this Held, the review by Miller [10] is 
recommended. To our knowledge, this represents the first 
comprehensive review of inhibitors of retinoic acid 
metabolism cnzyme(s). 

CYTOCHROME P450 ENZYMES INVOLVED IN 
ATRA METABOLISM 

ATRA is rapidly metabolized by cytochrome P450 
(CYP)-depcndent enzymes via several routes leading to a 
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Scheme 1. Metabolic pathway of all-trans retimic acid. 
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variety of polar metabolites [11]. However, it is believed 
that the physiologically most prominent patiway starts with 
the rate-limiting hydroxylation at C-4 position of the 
cyclohexenyl ring leading to formation of 4- hydroxy- ATRA. 
It should be stated that the stereochemistry at C-4 of 4- 
hydroxy-ATRA is yet to be determined. The latter 
compound is converted by a reductase enzyme into 4-oxo- 
ATRA that is then further transformed by C YP(s) into more 
polar metabolites "Scheme (1)" [1 1]. Although most of these 
ATRA metabolism studies have been conducted with rodent 
liver microsomes, similar results have also been obtained 
using human liver microsomes [12, 13]. Three independent 
groups have established that of the several human liver CYP 
isoforms capable of metabolizing ATRA via the 4- 
hydroxylation route, CYP2C8 is the major contributor, 
though CYP3A4 and, to a lesser extent CYP2C9, also make 
contributions [14-16]. 

Although several CYPs have been showi to be involved 
in the catalysis of ATRA 4-hydroxylation, their specificity 
for ATRA is generally low [14-16]. Recent y, a new family 
of cytochrome P450 enzymes, CYP26AI, las been cloned 
and characterized in zebra fish, human, and mouse tissues 
[17-22]. CYP26AI is ATRA-inducible and appears to be the 
most dedicated ATRA 4-hydroxylase enzyme known. 
Interestingly, CYP26A1 does not hydroxy late the closely 
related 9-CRA or 13-CRA [22, 23]. The enzyme displays 
high specificity towards ATRA and it may function as an 
important regulator of differentiation and a possible 
modulator of disease states by controlling retinoid 
concentrations and homeostasis. Recent reviews on the 
cloning and characterization of CYP26A I ha/e appeared [24, 
25]. It should be stated that a new subfamily of the CYP26 
family, named CYP26BI, which is 44 /o identical to 
CYP26AI from both mouse and humans has recently been 
found in humans and zebrafish [26]. Although substrate 
specificity studies on CYP26B1 arc yet to De conducted, it 
is plausible that this enzyme may recogniz-; 9-CRA and/or 
13-CRA, complementing the CYP26A1 activity. 



DISTRIBUTION AND ROLE OF CYP26A1 

CYP26A1 is expressed in the liver, heart, pituitary 
gland, adrenal gland, testis and in specific regions of the 
brain and the placenta [reviewed in 26, 25, 27]. Based on 
recent studies [25], it is suggested that the major role of 
CYP26A1 is a protective one, that is, the regulation of 
intracellular ARTA steady-state levels, exhibiting a similar 
negative feedback as has been demonstrated for CYP24, 
which is involved in cholecalciferol catabolism [28]. 
Although the major retinoid products (4-hydroxy- and 4- 
oxo-ATRA) of CYP26A1 were originally considered to be 
inactive retinoids, there is compelling evidence which 
suggest that they are highly active modulators of positional 
specification in amphibian embryonic development and they 
bind and activate retinoic acid receptors (RAR) subtypes as 
efficiently as ATRA [29, 30]. Thus, in development 
CYP26A1 may fulfil functions distinct from metabolic 
inactivation of ATRA. 

CYP26A1 is readily induced by ATRA in a variety of 
normal and cancer cells and the enzyme efficiently converts 
ATRA into its oxygenated derivatives. Although the 
therapeutic potential of ATRA has been demonstrated 
(reviewed in [6, 31]), a major draw back to its clinical 
application is the prompt emergence of resistance, attributed 
to the induction of oxidative catabolism through CYPs [8, 
32-35], and CYP26A1 could be a major contributor. 
Because ATRA deficiency is associated with the progression 
of some cancers [36-38], it is possible that ATRA-induced 
CYP26A1 is involved in rapid metabolism of ATRA in 
cancer patients. 

The cloning and characterization of CYP26A I represents 
an important development in ATRA (retinoid) biochemistry 
and molecular biology. The enzyme's inducibility by 
ATRA, and its ATRA metabolic/catabolic activity defines a 
feedback loop, which may be critical in regulating both 
normal and therapeutic levels of ATRA. This emphasizes the 
importance of maintaining stable physiological levels of 
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3, Miconazole 

Fig. (I). Structure of aniimycotics. 

ATRA. Thus, compounds designed to in libit CYP26A1 
activity may be useful in elevating normal tissue ATRA 
levels or maintaining high therapeutic leve s of ATRA. As 
stated earlier, since ATRA has proven useful in the treatment 
and/or chemoprevention of some cancers an 1 skin disorders, 
it is now possible to investigate the cont ibutions of the 
expression/activity of CYP26 (or lack theeof) in various 
disease. CYP26 has recently been mapped to human 
chromosome I0q23-q24 [39], a region where several 
suppressor gene loci have been described |4)] as well as the 
split-hand-split foot syndrome (SHSF-3) |4IJ. Thus, it is 
possible that mutations in CYP26 may play a role in these 
diseases. 



ATRA 4-HYDROXYLASE INHIBITION 

The realization that the metabolism of ATRA may be 
responsible for its limited cfUlcacy in the clinics provided the 
impetus behind the search for inhibitor:; of the CYP- 
medialed metabolism of ATRA. Although the pioneering 
paper by Napoli's group in 1987 which led the way in this 
Held was greeted with enthusiasm |42|, research in the area 
have been rather slow with only a few inhi >itors described 
over the past 14 years. 

Inhibitors of ATRA 4 -hydroxylase (also referred to as 
retinoic acid metabolism blocking agens | RAMIJAsp 
should delay in vivo ATRA catabolism resulting in increased 
endogenous levels. This effect should improve control of 
neoplastic differentiation and growth and possibly exhibit 
antitumor activity. 



EARLY STUDIES OK ATRA 4-11 YDROX YLASK 
INHIBITORS 

The aniimycotics, ketocona/.ole (keto), clotrimazole, 
miconazole and metyrapone "fig. (I)" appear to be the iirsl 




4, Metyrapone 



compounds evaluated as potential inhibitors of ATRA 
metabolism enzyme(s) [42]. As shown in "Table (1)** keto 
and clotrimazole were about cquipotent, exhibiting potent 
inhibition of ATRA metabolism in F9 embryonal carcinoma 
cells. Miconazole had no more than 10% of the activ ity of 
clotrimazole, while metyrapone had about 1% of the activity 
of clotrimazole. The inhibition of ATRA metabolism by 
most of these compounds is not surprising since they are 
well known inhibitors of CYIM'450-mediated metabolism. 

Following this initial study, Van Wauwe ct al. (43), in 
1988, examined the effects of keto on ATRA metabolism, /// 
vitro using hamster liver microsomes and in vivo using 
normal rats treated with [ 3 II]-ATRA. /;/ vitro, keto inhibited 
the CYP-P450-mediaied metabolism of ATRA to the 
corresponding polar 4-hydroxy- and 4-oxo- derivatives, in 
vivo, keto suppressed the formation of polar ATRA 
metabolites by normal rats dosed intrajugularly with 200 mg 
of [ 3 H]-ATRA. These studies are significant as they 
demonstrated for the first time the feasibility to design CYP 
inhibitors that could prolong the half-life of exogenously 
administered ATRA to animals. In 1990, this group 
examined the effects of keto, R75251 (now known as 
liarozolc or liazal ™) and five other CYP-P450 inhibitors 
on the in vivo metabolism of ATRA in normal rats |44| 
Keto and R7525I were the only compounds found able to 
delay the metabolism of exogenously administered ATRA. 
In addition, liarozolc enhanced the endogenous plasma levels 
of ATRA, exerting ATRA-mimetic effects in vivo |45|. Fi 
should be noted that the same group of Janssen researchers 
llrst reported that CYP-P450-dependent aromatase, 17- 
hydroxylasc/17,20-lyase(CYP17). and I l-hydroxylase were 
the target enzymes for R7525I |46|. But in another related 
paper, they also reported that the antitumoral effects of 
R7525I on the growth of transplantable R3327 prostate 
adenocarcinoma in rats was independent of its inhibition of 
androgen biosynthesis |47). Subsequent studies in this area 
were mostly conducted by researchers of Janssen 
Pharmaceutical, who eventually settled on liarozolc I'm 
development as an anti-cancer agent and for the treatment nl 
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Tabic 1. Inhibition of Retinoic Acid Met ibolism in F9 
Embryonal Carcinoma Cells by An imycotics |42| 



Inhibitor 


% Inhibition Conccntn tion (jiM) 


1 


10 


100 


Ketocomizolc 


42 


84 


100 


Clotrimazole 


22 


62 


84 


Miconazole 


8 


12 


56 


Metyrapone 


0 


2 


26 



dermatological diseases. Liarozole is the most studied 
inhibitors of ATRA 4-hydroxylase and rem tins to date the 
only RAMBA to have been evaluated cliiically and, as 
such, is a standard against which future KP MBAs may be 
judged. The summary of studies on liarozolr and the recent 
RAMBAs are discussed below. 



LIAROZOLE (LIAZAL™, 5-[(3-CHLOROPHYNYL- 
1 H-IMIDAZOLE-l-YL)METH YL]-1 H- 
BENIMIDAZOLE) 

Following discovery of the undesirable side-effects of 
keto (vide supra) in PCa patients, the quest for more potent 



non-steroidal CYP17 inhibitors ensued. Liarozole (Liazal™, 
5-[(3-chlorophynyl-1 H-imidazo!e- 1 -yl)methyl]-l H-benimi- 
dazole) is the result of extensive SAR studies on imidazole 
derivatives [48]. Very recently, a paper has appeared which 
describes a practical 8-step synthesis of Liazal™ "Scheme 
(2)" [49]. 

Liarozole is a good inhibitor of rat CYP17 (IC50 = 260 
nM) with similar potency to keto (IC50 = 340 nM), but 
unlike keto, it was also a potent inhibitor of aromatase [46]. 
However, following extensive in vitro and in vivo studies, 
liarozole's biological effects are ascribed to inhibition of the 
P450-dependent 4-hydroxylase that catalyzes ATRA 
metabolism [50]. In vitro, liarozole (IC50, 2.2 uM) 
suppressed the P-450-mediated conversion of ATRA to more 
polar metabolites by hamster liver microsomes. In vivo, it 
enhanced the plasma level of ATRA from mostly 
undectectable values (less than 0.5 ng/ml) in control rats to 
1.4 ± 0.1 and 2.9 ± 0.1 ng/ml in animals treated p. o. with 5 
and 20 mg/kg of liarozole [45]. Anti-tumoral action was 
detected in androgen-dependent and androgen-independent rat 
prostate carcinoma models [47, 51, 52]. Remarkable anti- 
tumor activity was observed against prostate cancer 
xenographs in immunodepressed mice [53, 54] and further 
studies revealed that the anti-tumor properties of liarozole 
correlates with an increase in tumor differentiation, 
following accumulation of ATRA [55]. These studies 
established that the anti-tumoral properties of the compound 
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Scheme 2. Synthesis of Liarozole. 
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are related to its inhibition of ATRA metabolism and that 
the previously demonstrated inhibition of CYP17 
(inhibition of androgen synthesis) is marginal In vivo. 

Although a number of researcher have questioned 
liarozole's mechanism of action [56, 57], wc are of the 
opinion that there i^ currently sufficient evidence (vide 
supra) to ascribe ity median ism of action lo inhibition of 
ATRA metabolism. Although it has been suggested that its 
mechanism of action may also involve inhibition of 
aromatasc, and of androgen biosynthesis: the fact that 
specific and potent aromatase inhibitors were without effects 
in clinical trials of patients with prostate career (PCa), and 
that androgen synthesis inhibitors are ineffective in 
androgen-independent prostate tumors makes a strong case 
for their irrelevance in this setting. 

A large Phase (II international study ha ; very recently 
been completed comparing liarozole 300 rig twice daily 
with cyproterone acetate (CPA) 100 mg twice daily in a total 
of 321 patients with metastatic prostate ca icer in relapse 
after first-line endocrine therapy [58]. The idjusted hazard 
ratio for survival was 0.74 in favor of liarozc le (P = 0.039), 



indicating a 26 % lower risk of death than in patients treated 
with CPA. Liarozole was superior to CPA in terms of 
prostate-specific antigen (PSA) response, PSA progression, 
and survival, and was capable of maintaining patients' 
quality of life. The observed adverse events were relatively 
mild to moderate in nature. The results indicate that 
liarozole might be a possible treatment option for PCa 
following failure of first-line endocrine therapy. 

Although most experiences of liarozole as an anti-cancer 
agent have been limited to prostate cancer, a few experiments 
with breast cancer have also been conducted. In cultured 
human breast cancer MCF-7 cells, liarozole potentiated the 
antiproliferative and difTerentiative effects of ATRA [59-62]. 
This enhancement of ATRA effects could be explained by 
the inhibition of enzymatic degradation of ATRA in these 
cells.. Liarozole has proven antitumor activity in steroid- 
insensitive TA3-mouse mammary carcinoma and in NUM- 
induced mammary carcinoma in rats [63]. 

Despite these encouraging preclinical and clinical results, 
the usefulness of liarozole therapy is considered limited due 
to adverse side effects that are attributed to its lack of CYP 
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Scheme 3. Synthesis of* 4-azolyl retinoids. 
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isozyme specificity and its moderate poteicy of ATRA 4- 
hydroxylasc. Consequently, Janssen have s nee discontinued 
clinical development of liarozole [64]. 



NEW INHIBITORS OF ALL-TRA VS-RETINOIC 
ACID CYTOCHROME P450 4-HYDROXYLASE 

Azolyl Retinoids 

The emerging role of RAMBAs as potential agents in the 
treatment of both hormone-dependent and hormone- 
independent cancers [10, 65. 66] has led :o our interest in 
this area. Given the significance of azole grouping of many 
drugs which are P450 enzymes [67-69], we reasoned that 
introducing azole group at C-4 (the site of initial enzymatic 
hydroxylation) of ATRA should yield specific and potent 
inhibitors of ATRA 4-hydroxylase. Indeed, we very recently 
described the synthesis of a number of nov< I 4-azolyl ATRA 
derivatives, some of which are amongst the most potent 
inhibitors of this enzyme [70, 71]. The synthesis of these 
compounds is outlined in "Scheme (3]", with the key 
reaction being the near quantitative formation of the 4-azolyl 
retinoids (7-9) following the reaction of a lylic alcohol (6) 
with N, N - carbonyldiimidazole (CC'I) or N, N'- 
carbonylditriazole (CDT) [71, 72]. 

The azolyl ester, 4c>( l//-l,2,4-tria;:ol-l-yl)mcthyl 
retinoate (8, VN/I3-1RA), and the free acids, 4$-(\H- 
imidazol-l-yDretinoic acid (10, VN/14-1RA), 4£-(l//-l,2,4- 
triazol-l-yl)retinoic acid (11, VN/16-1RA) ind 4E,-(4f7- 1,2,4- 
triazol- 1 -yl)retinoic acid (12, VN/17-1RA) exhibited highly 
potent inhibition of hamster liver microsomal RA 4- 
hydroxylase with IC 50s of 680, 100, 88) and 1600 nM, 
respectively, being 4 - 60 times more potent than liarozole 
(IC50 = 6000 nM). Under this assay condit ons, keto had an 
IC50 value of 34000 nM [70, 71]. Preliminary 
antiproliferative activity of these novel azolyl RAMBAs (7- 
12) have been tested against a human brcas: cancer cell line, 
MCF-7 and two prostate cancer cell lines, the androgen 
dependent LNCaP and androgen independent PC-3. Each of 
these compounds significantly enhanced the antiproliferative 
action of ATRA on these cell lines, and they were more 
effective than liarozole 1 . Further studies .villi these novel 
azolyl RAMBAs, and the identification of other new 
compounds are in progress. World and USA patent 
applications to protect these new compounds have been 
filed. 



(B)-N-|4-|2-clliyl-l-(llM,2,4-tiiazoM-yl)l.urjl||)lieiiy!|-2- 
benzothia/olamine, Rl 15866 

Researchers at Janssen Research Found ition (JFR) have 
recently reported on a novel lH-tria;.olc derivative, 
Rl 15866, 13 ("Fig. (2)") that is a potent inhibitors of 
human CYP26A1 (IC50, 4 nM), being 75(' times as potent 
as liarozole (IC50, 3 uM) 1 73 j. However, details of its 
synthesis are yet to be reported. Rl 15866 i* highly selective 
for CYP26 as it exhibited mediocre inhibitory effects on 
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aromatase, CYP17, CYP211, CYP3A, and CYP2AI, 
respectively. In vivo, administration of Rl 15866 (2.5 
mg/kg. p.o) to rats induced significant and transient increase 
of endogenous ATRA levels in plasma* skin, fat, kidney, 
and testis. Consequently, the compound exerted retinoidal 
effects, for example, inhibition of vaginal keratin ization in 
rats. Although these studies with Rl 15866 seem to be 
focused on dermatological therapy [73, cited in 74], their 
potential as agents for the treatment of cancers are warranted. 
Because of the compound's high inhibitory potency and 
selectivity for CYP26AI, it should be considered less likely 
to produce unwanted side effects as those experienced with 
liarozle therapy. 




II 



13, Rl 15866 
Fig. (2). Structure of Rl 1 5866. 

Rl 16010 

Limited data on a novel RAMBA, Rl 16010 (structure 
not available) have been presented at several scientific 
meetings in abstract forms by researchers at JFR 2 . Rl 16010 
is reported to be 100-fold more potent than liarozole, and 
selective for CYP26A versus other cytochrome P450- 
dependent metabolizing enzymes. Furthermore, Rl 16010 
exhibited strong antitumor effects against androgen- 
independent rat prostate adenocarcinoma R3327/PIF1 and 
also against estrogen- independent mouse TA3-Ha mammary 
tumors. These results suggest that Rl 16010 is a suitable 
candidate for further development for the treatment of 
prostate and breast cancers. 

CONCLUSION 

Retinoid therapy is based on differetiation of 
prcmalignant and malignant cells with the potential of 
redirecting the cells towards their normal phenotype. 
However, exogenous retinoid therapy is yet to fulfil the 
expectations raised by in vitro and in vivo studies in cancer 
models in the clinics. Modulation of endogenous ATRA and 
possibly its natural stcrioisomcrs with the use of new 
RAMBAs may present an addition cancer therapy strategy. It 
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is clear from this mini review lhat on y a few potent 
RAMI* As arc currently available. We ar: presenting this 
review with the goal of stimulating interest in the area to 
enable more studies that may lead to new RAMBAs that 
would be directed towards their potential evaluation as 
therapeutics in oncology and dermatology. 
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NOTE ADDED IN PROOF 

j. Van Ilciisdeu and others have recently presented a 
detailed study that characterize Rl 1601 0 (structure given) as 
a potent and selective inhibitor of M-trcns rctinoic acid 
metabolism, exhibiting antitumor (of n urine estrogen- 
independent TA3-Ha mammary tumors) activity. {Br. J. 
Cancer, 2002, <S'<5, 605-811). 
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BACKGROUND. Although significant advances have been made in the treatment of 
some malignancies, the prognosis of patients with metastatic tumors remains 
poor. Differentiating agents redirect cells toward their normal phenotype and 
therefore may reverse or suppress evolving malignant lesions or prevent cancer 
invasion. In addition, they offer a potential alternative to the classic cytostatic 
drugs. 

METHODS. The purpose of this review was to examine the current and potential 
future roles of differentiating agents in the treatment of cancer. 
RESULTS. Initial studies with differentiating agents focused on retinoid therapy. 
Although retinoids have shown some clinical success, their widespread use has 
been limited by resistance and, in the chemopreventive setting, toxicity. This has 
led to the synthesis of a number of new retinoids that currently are undergoing 
clinical investigation. A further approach to overcoming the drawbacks associated 
with exogenous retinoids has been to increase the levels of endogenous retinoic 
acid (RAJ by inhibiting the cytochrome P450-mediated catabolism of RA using a 
novel class of agents known as retinoic acid metabolism blocking agents (RAM- 
BAs). Liarozole, the first RAMBA to undergo clinical investigation, preferentially 
increases intratumor levels of endogenous RA resulting in antitumor activity. 
CONCLUSIONS. Although studies using exogenous retinoids in this setting have not 
yet fulfilled their initial promise, studies with a growing set of synthetic retinoids 
are ongoing. Furthermore, modulation of endogenous retinoids may offer a sig- 
nificant new potential treatment for cancer. Cancer 1998;83:1471-82. 
© 1998 American Cancer Society. 

KEYWORDS: retinoic acid, retinoic acid metabolism blocking agents (RAMBAs), 
liarozole, retinoids, cancer, 



During the last 30 years, research into cancer treatment has focused 
mainly on the use and development of cytotoxic agents. However, 
despite significant progress in the chemotherapy of some malignan- 
cies such as testicular carcinoma and lymphomas, the prognosis of 
patients with the most common invasive and metastatic tumors re- 
mains poor. 1 There is a clear need for new treatment approaches, 
which ultimately may be met by novel ideas coming from recent 
advances in understanding the underlying biology of cancer. Cancer 
cells show various degrees of differentiation, anu there normally is an 
inverse relation between the degree of cell differentiation and the 
clinical aggressiveness of a cancer. 2 

However, certain chemicals (differentiating agents) are capable of 
redirecting the cells to the normal phenotype of morphologic matu- 
ration and loss of proliferative capacity. Consequently, differentiating 



© 1998 American Cancer Society 



EXHIBIT 2 



1472 



CANCER October 15, 1998 / Volume 83 / Number 8 



agents may reverse or suppress evolving lesions or 
prevent cancer invasion. 1,3 " 8 Differentiating agents 
thus offer an attractive potential al :ernative to con- 
ventional cytotoxic agents. One group, the retinoids, 
constitute a class of chemical compounds, including 
vitamin A and its synthetic and naturally occurring 
analogs, that have been the subject of extensive sci- 
entific and clinical investigations. 6 " 9 however, despite 
the synthesis and evaluation of thousands of retinoids 
over the past 20 years, clinical success remains lim- 
ited. The majority of reviews of the effectiveness of 
retinoids in cancer treatment and prevention con- 
clude that we require new agents that are more effec- 
tive or, especially in the setting of ciemoprevention, 
less toxic. 10 " 12 Research to date has concentrated on 
the use of exogenous retinoids in cancer. Although 
this research continues with new retinoid derivatives, 
an alternative approach to the treatment and preven- 
tion of cancer is the use of retinoic acid metabolism 
blocking agents (RAMBAs), which increase levels of 
endogenous retinoic acid (RA) within the tumor cells 
by blocking their metabolism. This approach presents 
several theoretic advantages. 

Endogenous Retinoids 

Vitamin A (retinol) is obtained from the diet as pre- 
formed retinoids (retinyl-esters) from animal sources 
and as provitamin carotenoids (including j3-carotene) 
from plant sources. These are converted to retinol in 
the gut, absorbed, and stored in thu liver as retinyl 
palmitate. All- trans- retinoic acid (tRA) (tretinoin), 13- 
cis-retinoic acid (13cRA) (isotretinoi i), 9-cis-retinoic 
acid (9cRA), and retinal (vitamin A aldehyde) are nat- 
urally occurring retinol derivatives. 

In the plasma, retinol and tRA are bound tightly to 
retinol-binding protein (RBP) and albumin, respec- 
tively. 13 Retinol is the major circulatir g retinoid in the 
human body and its plasma levels remain near 2 
jxmol/L under normal conditions. 13 In contrast, nor- 
mal plasma tRA and 13cRA levels ringe from 4-14 
nmol/L u and 3.7-6.3 nmol/L, 15 respectively. 9cRA 
also has been shown to occur naturally in vivo, al- 
though the levels found are lower thj n that of tRA. 16 

Retinoid Physiology 

Vitamin A plays an important role in the maintenance 
of normal growth, vision, reproduction, and bone for- 
mation. Vitamin A deficiency results in night blind- 
ness (the earliest manifestation), inh ibition of sper- 
matogenesis, and potential teratogen ?sis. In animals, 
vitamin A deficiency has been associated with a higher 
incidence of cancer and increased susceptibility to 
chemical carcinogens. 9 A variety of retinoids inhibit 
the in vivo development of carcinogen-induced carci- 



noma of the bladder, breast, liver, lung, pancreas, 
prostate, and skin. 5,6 ' 817 

tRA is very potent in promoting growth and con- 
trolling differentiation and maintenance of epithelial 
tissue in vitamin A-deficient animals. tRA is consid- 
ered the active form of retinol in all tissues except the 
retina 9,18 in which retinal is essential, and is 10- to 
100-fold more potent than retinol in various in vitro 
systems. 19 In vitro studies have suggested 9cRA may 
have a specific role in the regulation of apoptosis. 20 ' 21 

A role for retinoids in the physiology of prostate 
carcinoma has been suggested by Pasquali et al. 22 In 
the study, the concentration of tRA was lower in pros- 
tate carcinoma tissue compared with normal prostate 
and benign prostate hyperplasia. The lower levels of 
tRA were believed to be due either to the rapid degra- 
dation of tRA associated with increased activity of 
dehydrogenase enzymes or increased amounts of cel- 
lular tRA binding protein. The low levels of tRA in 
prostate carcinoma tissue may create a more permis- 
sive environment for the tissue to undergo cellular 
transformation or tumorigenesis. Increasing the en- 
dogenous levels of RA in prostate carcinoma cells by 
inhibiting its metabolism could result in differentia- 
tion of these tumor cells toward more normal behav- 
ior. 

Nuclear Retinoic Acid Receptors 

At the molecular level, the biologic effects of retinoids 
are modulated through nuclear receptors. Six nuclear 
retinoid receptors (RAR and RXR, both with a, 0, and 
y subtypes) that are members of the steroid-thyroid 
superfamily of nuclear receptors have been identi- 
fied. 23 " 27 The three RARs have substantial homology 
and become transcriptionally active by binding with 
tRA or 9cRA. 28 Early studies suggested that the binding 
affinity of RAR/3 for tRA was tenfold that of RARor 29 but 
later studies demonstrated similar tRA binding affini- 
ties for both receptors. 30 RARar and RAR/3 show poor 
binding for retinol and retinal and at least a fivefold 
lower binding affinity for 13cRA than tRA or 9cRA 30 In 
contrast, RXRs bind with 9cRA but not with 13cRA or 
tRA. 16 ' 31 

The activated nuclear receptors control the ex- 
pression of genes that mediate retinoid effects, includ- 
ing regulation of cell differentiation, growth, and in- 
duction of apoptosis 9 Because RARs, RXRs and other 
members of the superfamily of nuclear receptors form 
heterodimers lo induce transcription of a variety of 
DNA response elements, 32 * 33 the pleiotropic action of 
retinoids may result from specific heterodimers with 
distinct transcriptional attributes. 34 Additional com- 
plexity is provided by the recent discovery that a num- 
ber of ligand-regulated transcriptional intermediates 
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play critical roles in transcription induced by multiple 
nuclear steroid hormone receptor fam ly members. 33 
They direcdy stimulate or inhibit, often in a ligand- 
dependent fashion, transcription from DNA bound 
receptors, perhaps by influencing the linkage between 
the promoter complex and the basal transcription fac- 



tors 



33.35 



Several studies have correlated thi? sensitivity of 
malignant cells to retinoids with the presence or level 
of expression of nuclear retinoid receptors. An inacti- 
vating mutation of the RARa gene wa:i shown to be 
present in tRA- resistant leukemic cells; when the nor- 
mal RARa was reexpressed in the cells, sensitivity was 
restored 36 The RARa gene also has been shown to be 
located at the chromosomal breakpoint associated 
with acute promyelocyte leukemia (APL), a malig- 
nancy particularly sensitive to retinoids. 37 " 40 There is 
evidence that RAR expression is higher in retinoid- 
sensitive human breast carcinoma o;lls compared 
with retinoid-resistant cells. 41 * 42 The response to RA 
of squamous premalignant and malignant cells has 
been associated with the expression ol RAR/3. 6 How- 
ever, other RARs can substitute for the nutated RARa 
in the leukemia model mentioned earlier, 43 and the 
gene (PML) fused to RARa in APL may play an equally 
important role in the malignant phenotype. 44 In addi- 
tion, breast carcinoma cells have beer shown to re- 
gain responsiveness to retinoids withe ut changes in 
RAR expression 45 and modulators of retinoid metab- 
olism or novel retinoids may inhibit tumor cell growth 
without obvious interaction with known retinoid re- 
ceptors. 46 Clearly, more research is r eeded in this 
area. 

Cytoplasmic Retinoic Acid Binding Proteins 

tRA appears to enter cells by simple diffusion. Once 
within the cell, distinct intracellular cytoplasmic bind- 
ing proteins have been identified for tRA (cellular reti- 
noic acid binding proteins I and II [CRA5PI and CRAB- 
Pill) 13 ' 47 and retinol (cellular RBPs [CRBPI and 
CRBPII]). 7 ' 47 ' 49 The functions of CRBPs and CRABPs 
are not well defined; it initially was believed that they 
were responsible for intracellular retincid transport, 50 
but it now appears that they also may regulate free 
concentrations of retinol and tRA and play a role in 
retinoid metabolism. 47,49,51 

Boylan and Gudas reported decreased in vitro re- 
sponses to tRA in cell lines with overexpressed cellular 
binding proteins. 52 A direct role for CRABP in tRA 
metabolism also has been reported; metabolism of 
tRA bound to CRABP is 7-fold more efficient than that 
of free tRA. 53 tRA has been shown to increase CRABPII 
expression in both normal and leukemic hematopoi- 
etic cells, and this induction may cor tribute to the 
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FIGURE 1 . Metabolic pathway tor retinol and retinoic acid. P450 = mediated 
by cytochrome P450 enzyme. RAMBA: retinoic acid metabolism blocking 



increased catabolism and subsequent clinical resis- 
tance to tRA observed in patients with APL given con- 
tinuous oral dosing of tRA. 54,55 These studies have led 
investigators to search for inhibitors of retinoid me- 
tabolism or retinoids that do not bind CRABP for use 
in refractory APL. Both 9cRA and 13cRA can maintain 
more stable plasma levels, in part because of reduced 
binding to CRABP, although neither drug has been 
particularly successful in this clinical setting, suggest- 
ing multiple possible mechanisms of resistance. 39,56 

Conversely, there is evidence in some systems that 
binding to CRABPs may be associated with increased 
biologic effects. CRABP has a much higher binding 
affinity for tRA and synthetic retinoids that have high 
potency (> that of tRA) than for retinol, retinal, and a 
variety of ineffective compounds. 47 Some teratocarci- 
noma cell lines that do not differentiate in response to 
tRA have markedly reduced CRABP levels, 57,58 al- 
though introduction of the CRABP gene into the cells 
does not restore sensitivity. 52 A correlation between 
tRA metabolism in tumor cells and the sensitivity of 
these cells to differentiation therapy, which may be 
mediated by CRABP levels, recently has been reported 
in human and murine cell lines. 59 

Retinoid Metabolism 

In humans, retinol is oxidized to retinal, which is in 
turn oxidized to tRA. tRA then undergoes cytochrome 
P450-dependent hydroxylation followed by oxidation 
to4-oxo-metabolites 5, ' 60 - 62 (Fig. 1) that are conjugated 
with glucuronic acid and excreted in the bile. 63 

As discussed earlier, the pharmacodynamic ef- 
fects of tRA may be attenuated by its rapid rate of 
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TABLE 1 

Biologic Effects of Retinoids That Are Relevant to the P -evention and 
Treatment of Cancer 



Biologic effects 


References 


Induction of cytodifferentiation 


18,9,17, 71-781 


Inhibition of cell proliferation 


17,9,17.791 


Stimulation of host Immune response 


[7,17,80] 


Augmentation of cell-mediated cytotoxicity 


111.171 


Inhibition of oncogene expression 


(7,17.77.80.811 


Apoptosis 


(171 


Suppression of transformed phenotype 


17.17.76.79.811 


Inhibition of angiogenesis 


17,80! 


Modulation of cell migration, adhesion, and invasion 


182^841 


Reduction of collagenase, stromelysin, and 




plasminogen activator levels 


1851 


Modulation of cell surface glycoconjugate levels 


177,86,87! 


Antioxidant activity and free radical deactivation 


117] 


Stimulation of epidermal growth factor, transforming 




growth factor-/!, and tumor necrosis factor 




activities 


117] 



metabolism. The ability of cytochrome P45(< inhibitors 
(such as imidazoles) to suppress tRA metabolism 64,65 
and delay tRA plasma clearance has been demon- 
strated in animals 65,66 and humans 67,68 administered 
concomitant tRA and cytochrome P450 inhibitors. 
However, no attempt to use these restored plasma tRA 
levels to restore sensitivity to the drug in viva has been 
reported. 

Recently, it has been suggested that the low levels 
of endogenous RA observed in oral premalignant le- 
sions could be due to increased metabolism of RA. 7 
The use of RAMBAs to overcome this eifect could 
result in therapeutic benefits. 

Anticancer Effects of Retinoids 

The importance of retinoids in cancer dates from the 
1920s, when epithelial changes including hyperkera- 
tosis, squamous metaplasia, 69 and carcinoma of the 
stomach 70 were observed in vitamin A-deficient ani- 
mals. It is now known that retinoids exert numerous 
biologic effects that are germane to carci logenesis, 
metastasis, and the chemoprevention of car cer (Table 
U 7-9.1 1.17.71-87 0ur understanding of the intracellular 
cascade of events initiated by tRA binding ivith retin- 
oid receptors is elementary. However, it is eiident that 
tRA exerts antitumor activity by the promotion of cell 
differentiation, apoptosis, and the inhibition of cell 
proliferation. 

Exogenous Retinoids in Cancer 

Initial attempts to administer pharmacologically ac- 
tive doses of first-generation retinoids (su:h as tRA 
(tretinoin] and 13cRA I isotretinoin]) were liriited both 



by toxicity and, in the case of tRA, poor pharmacody- 
namics. Therefore attention turned to the develop- 
ment of synthetic retinoids with improved therapeutic 
indices. 88 Modification of the basic retinoid molecule 
has produced > 2500 retinoids in the past 25 years, 10 
including second-generation and third-generation 
compounds. Continued research also has discovered 
new naturally occurring retinoids, including 9cRA and, 
more recently, a variety of 4-oxoretinoids. 89,90 

Preclinical and clinical studies have shown retin- 
oids to possess activity in the prevention and treat- 
ment of cancer. The successes achieved with tRA, cRA, 
etretinate, fenretinide, and newer retinoids already 
have been reviewed extensively. 4,6,10,12,91 Retinoids 
may mediate multiple anticancer mechanisms, in- 
cluding induction of cell differentiation, inhibition of 
proliferation by cell cycle arrest, and induction of ap- 
optosis. 9 tRA induces differentiation and proliferation 
in various murine and human malignant cell lines in 
vitro. 7,76 " 78,92,93 9cRA has been found to have compa- 
rable effects in the majority of models tested. 39,45,94 

Clinical Studies: Treatment 

Hematologic malignancies 

Differentiation-induced complete remissions have 
been achieved with tRA in patients with APL. 58,95 " 98 
Although tRA initially appeared to be a better inducer 
of complete remission in APL than 13CRA, 56 recent 
studies suggest 9cRA is at least as effective 39 and that 
RAR specific ligands may be even better. 99 Although 
the initial response to exogenous tRA in patients with 
APL is high, the duration of complete remission is 
short (median, < 6 months) and few patients can be 
maintained in continuous complete remission on tRA 
monotherapy. 100 " 102 Therefore APL patients who 
achieve complete remission with tRA require intensive 
postremission chemotherapy to maintain the remis- 
sion. The combination of tRA and chemotherapy has 
become the current standard treatment for APL, 
achieves complete remission rates of approximately 
90%, and has been shown in randomized trials to 
improve long term survival. 91 Unfortunately, other 
subtypes of acute myelocytic leukemia do not respond 
to the retinoids studied to date. 103 However, there is in 
vivo, as well as in vitro, evidence that some lympho- 
mas may be responsive to retinoids. 104 

Nonhematologic malignancies 

Although retinoids have not produced the dramatic 
results observed with APL in other advanced malig- 
nancies, promising results have been obtained in trials 
combining tRA or 13cRA with other agents such as 
interferon-a-2a in patients with nonhematologic ma- 
lignancies such as squamous cell carcinoma 105,106 and 
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metastatic renal cell carcinoma. Because Kaposi's sar- 
coma cells are sensitive to RA in vitro, a variety of 
topical and systemic retinoids recently have been used 
in clinical trials against Kaposi's sarcoma. 

Clinical Studies: Chemoprevention 

Primary 

Early results from epidemiologic studies suggested an 
inverse relation between dietary intake of vitamin A or 
0-carotene and the incidence of cancer. 70 More recent 
case-control epidemiologic studies con paring high 
with low vitamin A intake showed an overall risk re- 
duction for laryngeal, lung, esophageal, and tongue 
carcinoma of 54%, 73%, 44%, and 59%, respectively, 107 
and a vitamin A-deficient diet yielded relative risks of 
1.1 to 2.6 for solid tumors in general and 1.5 to 2.0 for 
lung carcinoma. 108 However, large seal? studies in 
Finland, 109 the U. S. l,am and a multinaional study 
conducted in Europe, Japan, and the I'. S. 112 have 
concluded that one specific compound, 0-carotene, 
does not have a beneficial primary cherioprotective 
effect. However, in retrospect, the ratiomile for selec- 
tion of this particular carotenoid isomer is not well 
justified. These large trials simply may show that 
^-carotene, which is one of many related compounds 
isolated from fruits and vegetables shoivn to lower 
cancer risk, is not the active agent of risk reduction. 
Whether these results can be generalized to other ret- 
inoid-related compounds, or even other carotenoids, 
is not known. 

Secondary 

Overall, retinoids have shown significant activity in 
the reversal of cervical, oral, and skin premalignan- 
cies, and in the prevention of head and nei:k, lung, and 
skin primary or second primary tumors, although fur- 
ther research clearly is needed. 4,6,10 " 121 H_1 15 Several 
large, randomized placebo-controlled triiils involving 
retinoids currently are ongoing. 114, 1,6 For example, 
the European Organization for Research and Treat- 
ment of Cancer EUROSCAN Trial (which commenced 
in 1988), is investigating the effect of retinol palmitate 
(300,000 IU) on the prevention of second primary 
tumors in patients with head and neck c< rcinoma. 116 
Unfortunately, the chronic toxicity of currently 
available agents precludes the conduct of primary 
chemoprevention trials in healthy populations at in- 
creased risk of developing cancer. New?r retinoids 
with potentially lower toxicities currently are being 
evaluated and include 4-hydroxyphenyl retinamide 
(fenretinide), which concentrates in mammary tissues 
and has been shown to prevent mammary tumors in 
rats. 4 " 1,7 An ongoing trial in Milan is evaluating fen- 
retinide, 200 mg/day for 1 year (vs. no treatment), in 



the prevention of secondary tumors in patients with 
surgically resected oral leukoplakias. 114 A second 
study also is underway evaluating fenretinide, 200 mg 
for 5 years (vs. no treatment), in the chemoprevention 
of breast carcinoma. The aim of the study, which has 
enrolled 2972 randomized patients, is to evaluate the 
efficacy of the agent in reducing contralateral breast 
primary tumors. Preliminary data from the trial, which 
was initiated in 1987, indicate no difference between 
the two groups. 118 

Drawbacks of Retinoid Therapy 

Adverse effects 

Chronic administration of high doses of vitamin A 
produces hypervitaminosis A, a toxicity characterized 
by anorexia, weight loss, fever, hepatosplenomegaly, 
skin and mucous membrane changes, alopecia, chei- 
litis (cracking and bleeding lips), bone and joint pain, 
hyperostoses, thrombocytopenia, and elevated cere- 
bral fluid pressure. The natural retinoids 9cRA, 13cRA, 
or tRA produce similar adverse effects; however, a 
more diverse adverse events profile is observed with 
synthetic retinoids that may not exert the same bio- 
logic properties as vitamin A {Table 2). 

The majority of these side effects are reversible 
after discontinuation of treatment but bone toxicities 
and some visual disturbances may persist. Most im- 
portant, profound teratogenic effects from retinoids 
limit their use in women of childbearing age. This is 
complicated further by the long tissue half-life of some 
synthetic retinoids. Of note, a study by Besa et al. in 
transfusion-dependent patients with myelodysplasia 
syndrome reported that a-tocopherol significantly re- 
duced the severe skin and constitutional toxicities ob- 
served with 13cRA treatment, allowing long term 
treatment with the retinoid. 119 

A further side effect has only been documented in 
patients receiving retinoids for APL Approximately 
25-30% of patients receiving systemic tRA for the 
treatment of APL experience "retinoic acid syn- 
drome," comprising leukocytosis, thrombosis, fever, 
respiratory distress, pulmonary infiltrates, pleural ef- 
fusions, and weight gain. 120 Although early interven- 
tion with corticosteroids can prevent progression of 
the syndrome, several patients have died of multiple 
organ failure. 102 The early use of chemotherapy also 
may benefit some patients. This syndrome also has 
been observed in patients treated with 9cRA, 39 further 
suggesting it is specific for APL and not the particular 
retinoid used. Whether there will be additional life- 
threatening retinoid side effects that are disease spe- 
cific remains to be determined. 
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TABLE 2 

Adverse Events Observed with Cor imonly Used Exogenous Retinoids 



Toxicity tRA 13cRA 9cRA Etretinate Fenretlnidc 



CNS 

Headache 
Skin and mucous membranes 

Cheilitis 

Itching 

Desquamation 

Alopecia 

Dryness 
Ocular 

Dry eyes/conjunctivitis 

Night blindness 
lipid profile abnormalities 
Hepatotoxicity 



tRA: afl-muu-retinoic acid; 13cRA: 13-cis-nrtinoic a :id; 9cRA: 9-ds-retinoic acid; CXS: central nervous system; » : event observed; e event not observed; ?: uncertain. 




Retinoid Resistance 

As discussed earlier, the complete remissions 
achieved using tRA monotherapy in API are brief, and 
patients who recur during tRA treatment cannot be 
reinduced into complete remission with tRA. This is 
observed even when the dose is doubled 98 121 and 
despite no apparent increased resistance to conven- 
tional chemotherapy. 95 " 98122 

Although the mechanism for resistaice is unclear, 
it may be due to decreasing plasma levels resulting 
from a consistent acceleration of tRA metabolism. 8,121 
In one study of patients receiving tRA for APL, the 
decrease in plasma drug levels corresponded with 
clinical recurrence. Although these patents clinically 
were resistant to further tRA treatment, :heir leukemic 
cells remained sensitive to the cytodiff herniating ef- 
fects of the drug in vitro. 121 This suggests that retinoid 
resistance and recurrence from tRA-ir duced remis- 
sion during prolonged administration may reflect an 
inability to maintain drug levels that ate adequate to 
induce cytodifferentiation. 

The ability of tRA to act as an autoinducer of 
catabolism poses a clinical problem if tRA levels can- 
not be sustained adequately to produce the desired 
therapeutic response. Although transient achievement 
of therapeutic levels may induce termir al differentia- 
tion of APL cells, this problem would be particularly 
limiting in the chemoprevention setting. In addition, 
administration of exogenous retinoids may result in 
lower absorption and/or storage of retinol; in one 
study, the mean plasma retinol levels decreased by 
60% within 14 days of commencing feriretinide ther- 
apy. ,2t Because an adequate amount of retinal (which 
is derived from retinol) must be avail* ble to ensure 



normal functioning of the retina, this interference re- 
sults in adverse effects on vision. 123 

One approach to this problem has been to substi- 
tute 9cRA for tRA in APL. A pharmacokinetic study 
showed relatively little change in the metabolism of 
9cRA after several weeks of dosing. 39 In spite of that, 
9cRA did not reverse clinically acquired retinoid resis- 
tance. 39 It is not known whether there was an unde- 
tected effect of continuous dosing on destruction of 
important metabolites of 9cRA or whether, in this 
study, new molecular abnormalities were the basis of 
clinical resistance. 

Recent studies of retinoid-resistant cell lines sug- 
gest novel molecular mechanisms of resistance may 
play at least as important a role as pharmacologic 
mechanisms. Structural mutations in RARa have been 
associated with the development of retinoid resistance 
in several cell lines. 43 In vitro, the dominant negative 
PML/RARa oncoprotein of APL is a direct target of 
retinoid action in RA-sensitive APL cells but not in APL 
cell lines derived for RA resistance. 124 125 Studies of 
retinoid-induced gene expression and function of the 
PML/RARa protein in these resistant cells suggest no 
altered RA pharmacology, but rather suggest that the 
appearance of a further mutation in the PML/RARa 
molecule selectively blocks the induction of differen- 
tiation-associated pathways by RA. 125, 126 Indeed, sim- 
ilar mutations were found in cells from patients with 
APL resistant to retinoids. 127 Another report links RA 
resistance to altered associations of PML/RARa with 
nuclear corepressor molecules that link gene tran- 
scription and chromatin structure.' 28 Thus, there may 
be multiple mechanisms of retinoid resistance in vitro 
and in vivo, leading to new research directions. 
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Retinoic Acid Metabolism Blocking Agents 

Preclinical and clinical studies provide substantial ev- 
idence for the therapeutic use of retinoids in cancer 
prevention and treatment. Although exogenous retin- 
oids have demonstrated significant activity against 
some cancers, the doses required are associated with 
acute and chronic toxicities that may necessitate dose 
reductions, drug holidays, or treatment discontinua- 
tion. Furthermore, the use of exogenous tRA is ham- 
pered by the drawback of induction of retinoid me- 
tabolism. 102 The ideal retinoid should hrve minimal 
toxicity and no stimulatory effect on the cytochrome 
P450 system. As yet, no such agent fulfills these crite- 
ria. 

A new approach to this problem is based on the 
occurrence of endogenous tRA, 14 9cRA, 16,3 and 4-oxo- 
retinoids. 89,90 Retinoic acid metabolism blocking 
agents (RAMBAs) have been developed that inhibit the 
cytochrome P450 mediated catabolism cf RA (4-hy- 
droxylation of RA}, thereby increasing tissue and 
plasma levels of endogenous RA f resulting in differen- 
tiation of cells. 129 The imidazole derivative liarozole, 
the first member of this class of RAMBA compounds, 
has shown antitumor properties. 130 

Effect on Endogenous RA Levels 

A recent analysis of the oxidative catabolism of tRA in 
homogenates of rat liver and rat Dunning R3327G 
prostate tumors demonstrated that tRA metabolism 
was inhibited in a concentration-dependent manner 
by liarozole. 131 In in vivo studies using rats, oral liaro- 
zole at a dose of 5 or 20 mg/kg increased endogenous 
plasma tRA levels from < 0.5 ng/mL to 1.4 and 2.9 
ng/mL, respectively. 66 Smets et al. reported that liaro- 
zole increased plasma and tumor RA levels in the 
Dunning AT-6sq androgen-independent prostate car- 
cinoma model in a dose-dependent mainer. 132 RA 
levels were increased preferentially in the tumor (six- 
fold increase) with levels increasing threefold in 
plasma. In further preclinical studies, liarozole pro- 
longed the t 1/2 p of exogenously administered tRA. 133 
The t l/23 of exogenously administered 9cRA and 
4-keto RA similarly was increased, suggesting that 
multiple natural retinoids may be affected by liaro- 
zole. 133,134 To my knowledge no studies ha/e reported 
that liarozole affects absorption or storage of retinol. 

Effects of Liarozole on Proliferation and Diffeientiation of 
Tumor Ceils 

A number of studies have shown that liarozole has no 
direct in vitro antitumoral effects, although it inhibits 
RA metabolism. This inhibition can, in tur i, augment 
the antitumor activity of retinoids. In two studies, 
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FIGURE 2. Effect of liarozole on androgen-dependent and androgen-inde- 
pendent Dunning prostate tumors in rats. Liarozole was administered as a 
dietary admixture in rats implanted with well differentiated, androgen-depen- 
dent Dunning H tumor or by oral gavage twice daily in rats implanted 
subcutaneously with androgen-independent (AT-sq) tumors. Control animals 
underwent castration or were treated with vehicle. Tumor volume was mea- 
sured at the end of treatment Based on information in Dijkman A, Van 
Moorsselaar RJA, Van Ginckel R, Van Stratum P, Wouters W, Debruyne FM, et 
al. Antitumoral effects of liarozole in androgen-dependent and -independent 
R3327 Dunning prostate adenocarcinomas. J Urol 1 994;1 51 :21 7-22. 

liarozole inhibited the metabolism of tRA and thereby 
enhanced its antiproliferative effect in MCF-7 human 
breast carcinoma cells. 135 " 137 Similar results were ob- 
tained in mouse 10T1/2 embryonal cell lines; liarozole 
potentiated 1000-fold the ability of low concentrations 
of tRA to inhibit carcinogen-induced neoplastic trans- 
formation and protected tRA from catabolism over a 
48-hour period. 138 A study in human glioblastoma 
cells also showed that liarozole enhanced the antipro- 
liferative effects of tRA as measured by 3 H-thymidine \ 
incorporation, 139 whereas a study by Elder et al. 140 
reported that in human skin fibroblasts, liarozole sig- 
nificantly increased fibroblast CRABPII mRNA levels (a - > 6 P _U.. 
measure of retinoid bioactivity) and potentiated the 
effects of retinol by L5-fold at concentrations at which crt A { ^ 
liarozole alone had no effect. 



Antitumor Effects of Liarozole In vivo 

Although minimally toxic to tumor cells when given 
alone in vitro, liarozole alone has significant activity 
against tumors in vivo. Liarozole reduced tumor 
growth in rat models of androgen-dependent (G and 
H) and androgen-independent (PIF-1 and AT-6) pros- 
tate adenocarcinomas (Fig. 2). 141, 142 In the Dunning 
AT-6sq androgen-independent model, liarozole at a 
dose of 30 mg/kg significantly reduced tumor weight 
and induced accumulation of endogenous tRA tumor 
concentrations, whereas the differentiation status 
(measured by the cytokeratin profile of the carcinoma) 
shifted from a keratinizing toward a nonkeratinizing 
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squamous carcinoma. 130 Liarozole also inliibited sub- 
cutaneous and bone metastasis tumor growth of the 
androgen-independent PC-3ML-B2 hum; in prostate 
carcinoma in SCID mice. 143 Overall, these iintitumoral 
properties correlate with decreased endogenous reti- 
noid metabolism, leading to an increase cf tRA accu- 
mulation within the tumor cell. 

Liarozole and Chemoprevention 

The chemopreventive activity of liarozole has been 
investigated in rat prostate carcinoma induced by N- 
methyl-N-nitrosourea (MNU) followed by chronic ex- 
posure to testosterone. Liarozole was administered 1 
week prior to MNU. Although liarozole-treated ani- 
mals experienced similar incidence rates of micro- 
scopically detected carcinoma compared with con- 
trols, incidence rates of macroscopic carciioma of all 
accessory sex glands, carcinoma of the dorsolateral 
prostate, and macroscopic carcinoma of the anterior 
prostate were reduced significantly com wed with 
control groups. 144 Therefore liarozole inhibited the 
induction of prostate carcinoma (mainly at the pro- 
gression stage) and suppressed the transition from 
microscopic or in situ lesions to macroscopic carci- 
noma. 

Clinical Studies 

The effect of liarozole on tRA catabolism was studied 
in a group of patients with solid tumors. 67 On Days 2 
and 29 single doses of liarozole (75-300 mg) were 
given 1 hour before the administration of tRA. Liaro- 
zole significantly (p = 0.004) attenuated the decrease 
in the plasma tRA area under the curve. 

Liarozole initially was investigated in patients 
with advanced prostate carcinoma who had failed 
hormone therapy. Results of 5 Phase I/Il cl nical stud- 
ies in patients with hormone-resistant prostate carci- 
noma indicated that liarozole was associaled with an 
objective response rate of 20%, an ovenJl prostate 
specific antigen (PSA) response rate of 32%, and a 
good subjective response. 145 A recent multicenter, 
randomized, Phase HI study comparing lia ozole with 
the antiandrogen cyproterone acetate (C 5 A) in 321 
patients with advanced prostate carcinoma who failed 
androgen ablation therapy reported that Ik rozole was 
superior to CPA with regard to overall sunival (when 
adjusted for baseline imbalances), PSA response, and 
time to PSA progression. 146 However, mom definitive 
trials may be needed. 

Conclusions 

The relative lack of clinical success with conventional 
anticancer agents may be due in part to the traditional 
concept of cancer being a biologic state rai her than a 



dynamic process. 1 Redefining cancer as a dynamic 
disease commencing with carcinogenesis introduces 
the possibility of chemoprevention. Retinoids offer the 
promise of a therapeutic option based on differentia- 
tion of premalignant as well as malignant cells. Enor- 
mous advances have been made in the scientific and 
clinical studies of retinoids over the past decade, and 
further interesting developments are expected in the 
future. Although exogenous retinoids have not yet ful- 
filled hopes raised by their antineoplastic activity in 
vitro, studies with a growing set of synthetic retinoids 
are ongoing. Modulation of endogenous retinoids may 
offer an additional approach. The possibility of com- 
bining other anticancer drugs with exogenous retin- 
oids or modulation of endogenous retinoids may offer 
a real opportunity to advance our ability to treat or 
prevent human cancer effectively. 

REFERENCES 

1. Sporn MB. Carcinogenesis and cancer: different perspec- 
tives on the same disease. Cancer Res 1991;51:6215-8. 

2. Warrelt RP Jr. Differentiating agents. In: DeVita VT Jr., Hell- 
man S, Rosenberg SA, editors. Cancer principles and prac- 
tice of oncology. Volume 1. 5th edition. Philadelphia: J.B. 
Lippincott, 1997:483-90. 

3. Sporn MB. Dunlop NM, Newton DL, Smith JM. Prevention 
of chemical carcinogenesis by vitamin A and its synthetic 
analogs (retinoids). Fed Proc 1976;35:1332-8. 

4. Lippman SM, Benner SE, Hong WK. Cancer chemopreven- 
tion. J Clin Oncol 1994;12{4):851-73. 

5. Moon RC, Mehta RG, Rao KVN. Retinoids and cancer in 
experimental animals. In: Sporn MB, Roberts AM, Goodman 
DS, editors. The retinoids: biology, chemistry and medicine. 
2nd edition. New York: Raven Press, 1994:573-95. 

6. Lotan R. Retinoids in cancer chemoprevention. FASEB J 
1996;10:1031-9. 

7. Lotan R. Effects of vitamin A and its analogs (retinoids) on 
normal and neoplastic cells. Biochim BiophysActa 1980;605: 
33-91. 

8. Smith MA, Parkinson DR, Cheson BD, Friedman MA. Reti- 
noids in cancer chemotherapy. / Clin Oncol 1 992; 10(5) :839- 
64. 

9. Sporn MB, Roberts AB, DeWitt SG. The retinoids: biology, 
chemistry and medicine. 2nd edition. New York: Raven 
Press 1994. 

10. Bollag W, Holdener EE. Retinoids in cancer prevention and 
therapy. Ann Oncol 1992;3:513-26. 

11. Hill DL, Grubbs CJ. Retinoids and cancer prevention. Annu 
RevNutr 1992;12:161-81. 

12. Hong WK. Itri L. Retinoids and human cancer. In: Sporn MB, 
Roberts AB, Goodman DS, editors. The retinoids: biology, 
chemistry and medicine. 2nd edition. New York: Raven 
Press, 1994:597-630. 

13. Blomhoff R, Green MH, Berg T, Nonim KR. Transport and 
storage of vitamin A. Science 1990;250:399-404. 

14. Blaner WS, Olson J A Retinol and retinoic acid metabolism. 
In: Sporn MB, Roberts AB, Goodman DS, editors. The reti- 
noids: biology, chemistry and medicine. 2nd edition. New 
York: Raven Press, 1994:229-55. 

15. Tang G, Russell RM. 1 3 -cis- retinoic acid is an endogenous 
compound in human serum. / Lipid Res 1990;30:175-82. 



BEST AVAILABLE CO**' 



Exogenous and Endogenous Retinoic Acid in Cancer Treatment/Miller 1479 



16. Heyman RA, Mangelsdorf DJ, Dyck JA, Stein RB, Eichele G, 
Evans RM, et al. 9-cis-retinoic acid is a hijh affinity ligand 
for the retinoid X receptor. Cell 1992;68:39 '-406. 

17. Lupulescu A. The role of vitamins A, E and C in cancer cell 
biology. tot} Vitam Nutr Res 1993;63:3-14. 

18. Chytil F. Retinoic acid: biochemistry and rr etabolism. J Am 
Acad Dermatol 1986;15:741-7. 

19. Marcus R, Coulston AM. Fat-soluble vitamins: vitamins A, K 
and E. In: Goodman Gilman A, Rail TW, N es AS, Taylor P, 
editors. Goodman and Oilman's the pharnr acological basis 
of therapeutics. 8th edition. New York: Fergamon Press, 
1990:1553-71. 

20. Bruel AG, Benoit G, De Nay D, Brown S. Lar otte M. Distinct 
apoptotic responses in maturation sensitive and resistant 
t(15;17) acute promyelocytic leukemia NB4 cells. 9-cis reti- 
noic acid induces apoptosis independent of maturation and 
Bcl-2 expression. Leukemia 1995;9:1173-84 

21. Mehta R, Barua AB, Moon RC, Olson JA. nteractions be- 
tween retinoid 0-glucuronides and cellular retinol and reti- 
noic acid-binding proteins, tot J Vitam N itr Res 1992;62: 
143-7. 

22. Pasquali D, Thaller C, Eichelle G. Abnormal level of retinoic 
acid in prostate cancer tissues. / Clin Etdocrinol Metab 
1996;81:2186-91. 

23. Giguere V, Ong ES, Segui P, Evans RM. Identification of a 
receptor for the morphogen retinoic acid. Nature 1987:330: 
624-9. 

24. Petkovitch M, Brand NJ, Krust A, Chambon P. A human 
retinoic acid receptor which belongs to the f imily of nuclear 
receptors. Nature 1987:330:444-50. 

25. Krust A, Kastner P, Petkovitch M, Zelent A. Chambon P. A 
third human retinoic acid receptor, hRAR gamma. ProcNatl 
Acad Sci USA 1989;86:5310-4. 

26. Mangelsdorf Dl. Ong ES. Dyck JA, Evans RM Nuclear recep- 
tor that identifies a novel retinoic acid res )onse pathway. 
Nature 1990;345:224-9. 

27. Evans RM. The steroid and thyroid hormo ne superfamily. 
Science 1988;240:889-5. 

28. Allenby G, Bocquel MT, Saunders M, Kaziner S. Speck J, 
Rosenberger M, et al. Retinoic acid receptor* and retinoid X 
receptors: interactions with endogenous retinoic acids. Proc 
Natl Acad Sci USA 1993;90(l):30-4. 

29. Brand N, Petkovitch M, Krust A, Chambo;i P, de The H, 
Marchio A, et al. Identification of a second human retinoic 
acid receptor. Nature 1988;332:850-3. 

30. Crettaz M, Baron A, Siegenthaler G, Hurmker W. Ligand 
specificities of recombinant retinoic acid r xeptors RAR-a 
and RAR-0. Biochem J 1990;272:391-7. 

31. Levin AA, Struzenbecker LJ, Kazmer S, Bosakowski T, Husel- 
ton C, Allenby G, et al. 9-cis- retinoic acid steieoisomer binds 
and activates the nuclear receptor RXR alpha. Nature 1992; 
355:359-61. 

32. Glass CK. Differential recognition of target g ;nes by nuclear 
receptor monomers, dimers and heterodim irs. Endocr Rev 
1994;15(3):391-407. 

33. Chambon P. A decade of molecular biology of retinoic acid 
receptors. FASEB J 1996;10:940-54. 

34. Leid M, Kastner P, Lyons R, Nakshatri H, Saunders M, Za- 
charewski T, et al. Purification, cloning, and RXR identity of 
the HeLa cell factor with which RAR or TR r eterodimerizes 
to bind target sequences efficiently. Cell 1952;68:377-95. 

35. Janknecht R. Hunter T, A growing coactivator network. Na- 
Hire 1996;383:22-3. 

36. Collins S. Robertson K, Mueller L. Retinoi: acid-induced 



granulocytic differentiation of HL-60 myeloid leukemia cells 
is mediated directly through the retinoic acid receptor (RAR- 
alpha). Mol Cell Biol 1990;10:2154 -63. 

37. Borrow J, Goddard A, Sheer D, Solomon E. Molecular anal- 
ysis of acute promyelocytic leukemia breakpoint cluster re- 
gion on chromosome 17. Science 1990;249:1577-80. 

38. de Th6 H, Chomienne C, Lanotte M, Degos L, Dejean A. The 
t(15;17) translocation of acute promyelocytic leukemia fuses 
the retinoic acid receptor a gene to a novel transcribed 
locus. Nature 1990;347:558-61. 

39. Miller WH Jr., Jakubowski A, Tong WP, Miller VA, Rigas JR, 
Benedetti F, et al. 9-cis retinoic acid induces complete re- 
mission but does not reverse clinically acquired retinoid 
resistance in acute promyelocytic leukemia. Blood 1995:85: 
3021-7. 

40. Miller WH Jr., Warrell RP Jr., Frankel SR, Jakubowski A, 
Gabrilove JL, Muindi J, et al. Novel retinoic acid receptor 
transcripts in acute promyelocytic leukemia responsive to 
all-trans retinoic acid. J Natl Cancer Inst 1990;32:1932-3. 

4 1 . Roman SD, Clarke CL, Hall RE, Alexander IE, Sunderland RL. 
Expression and regulation of retinoic acid receptors in hu- 
man breast cancer cells. Cancer Res 1992;52:2236-42. 

42. Van der Burg, van der Leede BM, Kwakkenbos-Isbrucker U 
Salverda S, de Laat SW, van der Saag PT. Retinoic acid 
resistance of estradiol-independent breast cancer cells co- 
incides with diminished retinoic acid receptor function. Mol 
Cell Endocrinol 1993;91:149-57. 

43. Robertson KA, Emami B, Mueller L, Collins SJ. Multiple 
members of the retinoic acid receptor family are capable of 
mediating the granulocytic differentiation of HL-60 cells. 
Mol Cell Biol 1992;12:3743-9. 

44. Dyck JA, Maul GG. Miller WH Jr., Chen JD, Kakizuka A, 
Evans RM. A novel macromolecular structure is a target of 
the promyelocytic- retinoic acid receptor oncoprotein. Cell 
1994;76:333-43. 

45. Rubin M, Fenig E, Rosenauer A, Menendez-Botet C, Achkar 
C. Bentel JM, et al. 9-cis retinoic acid inhibits growth of 
breast cancer cells and down-regulates estrogen receptor 
RNA and protein. Cancer Res 1994;54:6549-56. 

46. Formelii F, Barua AB, Olson JA. Bioactivities of N-(4-hy- 
droxyphenyl) retinamide and retinoyl /3- glucuronide. 
FASEB J 1996;10:1014-24. 

47. Ong DE, Newcomer ME, Chytil F. Cellular retinoid-binding 
proteins. In: Sporn MB, Roberts AB, Goodman DS, editors. 
The retinoids: biology, chemistry and medicine. 2nd edition. 
New York: Raven Press, 1994:283-317. 

48. McBumey MW, Costa S, Pratt C. Retinoids and cancer a 
basis for differentiation therapy. Cancer Invest 1993; 11(5): 
590-8. 

49. Ross AC. Cellular metabolism and activation of retinoids: 
roles of cellular retinoid-binding proteins. FASEB f 1993;7: 
317-27. 

50. Takase S, Ong D, Chytil F. Transfer of retinoic acid from its 
complex with cellular retinoic acid-binding protein to the 
nucleus. Arch Biochem Biophys 1986;247:328-34. 

51. Fiorella PD, Napoli JL. Microsomal retinoic acid metabo- 
lism: effects of cellular retinoic acid-binding protein (type I) 
and C18-hydroxyiation as an initial step. / Biol Chem 1994; 
269(14):10538-44. 

52. Boylan JF, Gudas LJ. Overexpression of the cellular retinoic 
acid binding protein-I (CRABP-I) results in a reduction in 
differentiation-specific gene expression in F9 teratocarci- 
noma cells. / Cell Biol 1991;! 12:965-79. 



AVAILABLE COPY 



1480 CANCER October 15, 1998 / Volume 83 / Number 8 



53. Fiorella PD, Napoli JL. Expression of cellular retinoic acid 
binding protein (CRABP) in Escherichia coli Characteriza- 
tion and evidence that nolo -CRAB P is a substrate in retinoic 
acid metabolism. / Biol Chem 1991;266:16572-9. 

54. Comic M, Delva L, Guidez F, Baliirand N. Degos L, Chomi- 
enne C. Induction of retinoic acid binding protein in normal 
and malignant human myeloid ceL s by retinoic acid in acute 
promyelocytic leukemia patients. Cancer Res 1992 ;52:3329- 
34. 

55. Delva L, Comic M, Baiitrand N, Gu dez F, Mictea IM, Delmer 
A, et al. Resistance to all- trans retinoic acid (ATRA) therapy 
in relapsing acute promyelocytic leukemia: study of in vitro 
ATRA sensitivity and cellular retir oic acid binding protein 
levels in leukemic cells. Blood 1993;82:2175-81. 

56. Awisati G, Petti MC, Mandelli F. Vhat is the best treatment 
for acute promyelocytic leukemia? Leuk Lymphoma 1 993; 1 1 : 
29-35. 

57. Schindler J, Matthaei K, Sherman M. Isolation and charac- 
terization of mouse mutant embryonal carcinoma cells 
which fail to differentiate in respoise to retinoic acid. Proc 
Natl Acad Sci USA 1981;78:1077-8). 

58. Wang SY, Gudas L. Selection an. I characterization of F9 
teratocarcinoma stem cell mutants with altered responses 
to retinoic acid. / Biol Chem 1984; 259:5899-906. 

59. Takatsuka J, Takahashi N, De Luc a LM. Retinoic acid me- 
tabolism and inhibition of cell pro iferation: an unexpected 
liaison. Cancer Res 1996;56:675-8. 

60. Roberts AB, Nichols M, Newton D Sporn MB. In vitro me- 
tabolism of retinoic acid in hamstei intestine and liver. / Biol 
Chem 1979;245:6296-302. 

61. Frolik CA, Roller PP, Roberts AB, S :>orn MB. in vitro and in 
vivo metabolism of ail- trans and 13-cis-retinoic acid in 
hamsters. Identification of 13-cis-< -oxoretinoic acid. / Biol 
Chem 1980;255:8057-62. 

62. Leo MA, Lasker JM, Raucy JL, Kim CI, Black M, Lieber CS. 
Metabolism of retinol and retinoic acid by human liver 
cytochrome P450IIC8. Arch Biochtm Biophys 1989; 269(1): 
305-12. 

63. Orfanos C, Ehlert R, Gollnick H. T ie retinoids: a review of 
their clinical pharmacology and therapeutic use. Drugs 
1987;34:459-503. 

64. Williams J. Napoli J. Metabolism of retinoic acid and retinol 
during differentiation of F9 embryo ial carcinoma cells, Proc 
Natl Acad Sci USA 1985;82:4658- 6;:. 

65. Van Wauwe J, Coene MC, Goossens J, Van Nijen G, Cools W, 
Lauwers W. Ketoconazole inhibits the in vitro and in vivo 
metabolism of all-trans retinoic aci ± f Pharmacol Exp Ther 
1988;245:718-22. 

66. Van Wauwe JP, Coene MC, Goosse is J, Cools W, Monbaliu 
I. Effects of cytochrome P450 inhibitors on the in vivo me- 
tabolism of all-trans-retinoic acid in rats. J Pharmacol Exp 
Ther 1990;252:365-9. 

67. Miller VA, Rigas JR, Muindi JRF, Tcng WP, Venkatraman E, 
Kris MG, et al. Modulation of all-t ans retinoic acid phar- 
macokinetics by liarozole. Cancer Chemother Pharmacol 
1994;34:522-6. 

68. Rigas JR, Francis PA, Muindi JRF, Huselton G, DeGrazia F. 
Constitutive variability in the pharmacokinetics of the nat- 
ural retinoid, all-trans-retinoic acid, and its modulation by 
ketoconazole. / Natl Cancer Inst 19!)3;85{23):1921-6. 

69. Wolbach SB, Howe PR. Tissue cha iges following depriva- 
tion of fat-soluble A-vitamin. J Exp Med 1925;42:753-78. 

70. Fujimaki Y. Formation of carcinon a in albino rats fed on 
deficient diets. J Cancer Res 1926;K:469-77. 



71. Strickland S, Mahdavi V. The induction of differentiation in 
teratocarcinoma stem cells by retinoic acid. Cell 1978; 15: 
393-403. 

72. Breitman TR, Selonick SE, Collins SJ. Induction of differen- 
tiation of the human promyelocytic leukemia cell line (HL- 
60) by retinoic acid. Proc Natl Acad Sci USA 1980;77:2936- 
40. 

73. Sidell N. Retinoic acid-induced growth inhibition and mor- 
phologic differentiation of human neuroblastoma cells in 
vitro. / Natl Cancer Inst 1982;68:589-93. 

74. Breitman TR, Keene BR, Hemmi H. Retinoic acid-induced 
differentiation of fresh human leukemia cells and the hu- 
man myelomonocytic leukemia cell lines, HL-60, U-937 and 
THP-1. Cancer Surv 1983;2:263-91. 

75. Chomienne C, Baiitrand N, Cost H, Degos L, Abita JP. Struc- 
ture-activity relationships of aromatic retinoids on the dif- 
ferentiation of the human histiocytic lymphoma cell line 
U-937. Leuk Res 1986;10:1301-5. 

76. Sherman ML Retinoids and cell differentiation. Boca Raton: 
CRC Press, 1986. 

77. Leoncini L, Pacenti L, Rusciano D, Burroni D, Garbisa S, 
Cintorino M, et al. Correlation between differentiation and 
lung colonization by retinoic acid -treated F9 cells as re- 
vealed by the expression pattern of extracellular matrix and 
cell surface antigens. Am J Pathol 1988;130:505-14. 

78. Amos B, Lotan R. Retinoid -sensitive cells and cell lines. 
Methods Enzymol 1990;190:217-25. 

79. Fraker LD, Halter SA, Forbes JT. Growth inhibition by retinol 
of a human breast carcinoma cell line in vitro and in athy- 
mic mice. Cancer Res 1984;44:5757-63. 

80. Eccles SA, Barnett SC, Alexander P. Inhibition of growth and 
spontaneous metastasis of syngeneic transplantable tumors 
by an aromatic retinoic acid analogue. Cancer Immunol 
Immunother 1985;19:109-14. 

81. Halter SA, Fraker LD, Adcock D, Vick S. Effects of retinoids 
on xenotransplanted human mammary carcinoma cells in 
athymic mice. Cancer Res 1988;48:3733-6. 

82. Nakajima M, Lotan D, Baig MM, Carralero RM, Wood WR, 
Hendrix MJC, et al. Inhibition by retinoic acid of type IV 
collagenous and invasion through reconstituted basement 
membrane by metastatic rat mammary adenocarcinoma 
cells. Cancer Res 1989;49:1698-706. 

83. De Luca LM, Adamo S, Kato S. Retinoids and cell adhesion. 
Methods Enzymol 1990;190:81-91. 

84. Hendrix MCJ, Wood WR, Seftor EA, Lotan R, Nakajima M, 
Misiorowski RL, et al. Retinoic acid inhibition of human 
melanoma invasion through a reconstituted basement 
membrane and its relation to decreases in the expression of 
proteolytic enzymes and motility factor receptor. Cancer Res 
1990;50:4121-30. 

85. Lotan R. Retinoids as modulators of tumour cell invasion 
and metastasis. Semin Cancer Biol 1991;2:197-208. 

86. Rusciano D, Terrana B. Analysis of F9 embryonal carcinoma 
lactosaminoglycans in relation to their differential expres- 
sion during induction of differentiation. Biochim Biophys 
Acta 1988;964:8-18. 

87. Ledinko N, Fazely F. Reversibility of retinoid effect on sia- 
lyltransferase activity, sialic acid content and invasive ability 
of human lung carcinoma cells. Anticancer Res 1989:9:1669- 
72. 

88. Bollag W. The development of retinoids in experimental and 
clinical oncology and dermatology. / Am Acad Dermatol 
1983;9:797-805. 



nmr available co? v * 



Exogenous and Endogenous Retinoic Acid in Cancer Treatment/Miller 1481 



89. Achkar CC. Derguini F, Blumberg B, Lang iton A, Levin AA, 
Speck J, et al. 4-Oxoreunol, a new natural igand and trans- 
activator of the retinoic acid receptors. R oc Natl Acad Sci 
USA 1996;93:4879-84. 

90. Blumberg BJ, Bolado J Jr., Derguini F, Craij AG, Moreno TA, 
Chakravarti D, et al. Novel retinoic acid receptors in Xeno- 
pus embryos. Proc Natl Acad Sci USA 199( ;93:4873-8. 

91. Degos L, Dombret H, Chomienne C, Daniel MT. Miclea JM, 
Chastang C, et al. All-trans-retinoic acid as a differentiating 
agent in the treatment of acute promyelocytic leukemia. 
Blood 1995;85:2643-53. 

92. Jetten AM, Wim JS, Sacks PG, Rearick JI, Lo tan D, Hong WK, 
et al. Inhibition of growth and squamous cell differentiation 
markers in cultured human head and nec c squamous car- 
cinoma cells by all-trans-retinoic acid. Int. 1 Cancer 1990;45: 
195-202. 

93. Bollag W, Peck R, Frey JR. Inhibition of proliferation by 
retinoids, cytokines and their combination in four human 
transformed epithelial cell lines. Cancer Let f 1 992 ;62: 167-72. 

94. Kizaki M, Ikeda Y, Tanosaki R, Nakajima H, Morikawa M, 
Sakashita A, et al. Effects of novel retinoic acid compound, 
9-cis-retinoic acid, on proliferation, differentiation, and ex- 
pression of retinoic acid receptor-^ and tetinoid X recep- 
tor-* RNA by HL-60 cells. Blood 1993;82:3! 192-9. 

95. Huang ME, Ye YC, Chen SR, Chai JR, Lu IX ihoa L, et al. Use 
of all-trans retinoic acid in the treatment of acute promy- 
elocytic leukemia. Blood 1988;72:567-72. 

96. Castaigne S, Chomienne C, Daniel MT, BaDerini P, Berger P, 
Fenaux P, et al. All-trans-retinoic acid as a differentiation 
therapy for acute promyelocytic leukemia: : . Clinical results. 
Blood 1990;76:1704-9. 

97. Warrell RP Jr., Frankel SR, Miller WH Jr., Scheinberg DA, Itri 
LM, Hittelman WN, et al. Differentiation Jierapy of acute 
promyelocytic leukemia with tretinoin (ill -trans- retinoic 
acid). N Engl J Med 1991;324:1385-93. 

98. Chen ZX, Xue YQ, Zhang R, Tao RF, Xia 2M, Li C, et al. A 
clinical and experimental study of all-trais retinoic acid- 
treated acute promyelocytic leukemia patimts. Blood 1991; 
78:1413^-9. 

99. Takeshita A, Shibita Y, Shinjo K, Yanagi M, ' obita T, Ohnishi 
K, et al. Successful treatment of relapse of acute promyelo- 
cytic leukemia with a synthetic retinoid, Am80. Ann Intern 
Med 1996;124:893-6. 

100. Frankel SR, Eardley A, Heller G, Berman i. Miller WH Jr., 
Dmitrovsky E, et al. All-trans retinoic acid or acute promy- 
elocytic leukemia: results of the New York i tudy. Ann Intern 
Med 1994;120 278-86. 

101. Miller WH Jr., Levine K, DeBlasio A, Frankel SR, Dmitrovsky 
E, Warrell RP Jr. Detection of minimal residual disease in 
acute promyelocytic leukaemia by a reve ^se transcription 
polymerase chain reaction assay for the PML/RAR-alpha 
fusion mRNA. Blood 1993;82:1689-94. 

102. Warrell RP. Retinoid resistance in acute pr3myelocytic leu- 
kemia: new mechanisms, strategies and implications. Blood 
1993;82(7):1949-53. 

103. Licht ID, Chomienne C, Goy A, Chen A, Scott AA, Head DR, 
et al. Clinical and molecular characterizati >n of a rare syn- 
drome of acute promyelocytic leukemia associated with 
translocation (H;17). Blood 1995;85:1083-54. 

104. Cheng AL, Su IJ, Chen CC, Tien HF, Lay IE , Chen BR, et al. 
Use of retinoic acids in the treatment of peripheral T cell 
lymphoma: a pilot study. / Clin Oncol 199'.; 12: 1185-92. 

105. Lippman SM, Kavanagh 1). Paredes-Espinoia M, Delgadillo- 
Madrueano F, Paredes-Casillas P, Hong V/K, et al. 13-cw- 



retinoic acid plus interferon a-2a: highly active systemic 
therapy for squamous cell carcinoma of the cervix. / Natl 
Cancer Inst 1992;84:241-5. 

106. Lippman SM, Parkinson DR, ltri DM, Weber RS, Schantz SP, 
Ota DM, et al. 13-cis-Retinoic acid and interferon a-2a: 
effective combination therapy for advanced squamous cell 
carcinoma of the skin. / Natl Cancer Inst 1992;84:235-41. 

107. Lippman SM, Lee JS, Lotan R, Hong KW. Chemoprevention 
of upper aerodigestive tract cancers. Head Neck 1990;12:S- 
20. 

108.Szarka CE, Grana G, Engstrom PF. Chemoprevention of 
cancer, Curr Probl Cancer 1994;18{l):6-79. 

109. Albanes D, Heinonen OP, Huttunen JK, Taylor PR, Virtamo 
J, Edwards BK, et al. Effects of 0- tocopherol and 0-carotene 
supplements on cancer incidence in the alpha- tocopherol 
beta-carotene cancer prevention study. Am J Clin Nutr 1995; 
62: (Suppl): 1427-30. 

110. Hennekens CH, Buring JE, Manson JE, Stampfer M, Rosner 
B, Cook NR, et al. Lack of effect of long-term supplementa- 
tion with beta-carotene on the incidence of malignant neo- 
plasms and cardiovascular disease. N Engl J Med 
1996;334(18):1 145-9. 

111. Omenn GS, Goodman GE, Thornquist MD, Balmes J, Cullen 
MR, Glass A, et al. Effects of a combination of beta carotene 
and vitamin A on lung cancer and cardiovascular disease. 
N Engl J Med 1996;334(18): 1150-5. 

1 12. Ocke MC, Kromhout D, Menotti A, Aravanis C, Blackburn H, 
Buzina R, et al. Average intake of anti oxidant (pro)vitamins 
and subsequent cancer mortality in the 16 cohorts of the 
seven countries study. IntJ Cancer 1995;61:480-4. 

113. Kurie IM, Lippman SM, Hong WK. Potential of retinoids in 
cancer prevention. Cancer Treat Rev 1994;20:1-10. 

114. Alberts DS, Garcia DI. An overview of clinical cancer che- 
moprevention studies with emphasis on positive phase III 
studies. J Nutr 1995;125:S692-7. 

115. De Palo G, Formelli F. Risks and benefits of retinoids in the 
chemoprevention of cancer. Drug Saf 1995; 13 (4) :245-56. 

1 16. De Vries N, Pastorino U, Van Zandwijk N. Chemoprevention 
of second primary tumours in head and neck cancer in 
Europe: EUROSCAN. Eur J Cancer 1994;30B:367-8. 

117. Moon RC, Thompson HJ, Becci PL Grubbs CJ, Gander RJ, 
Newton DL, et al. N-(4-hydroxyphenyl) retinamide: a new 
retinoid for prevention of breast cancer in the rat. Cancer 
Res 1979;39:1339-46. 

118. Costa A, De Palo G, Decensi A, Sacchini V. Breast cancer 
chemoprevention with retinoids and tamoxifen [abstract 
9851. Eur J Cancer 1995;31A(Suppl 5):S206. 

119. Besa EC, Abrahm JL, Bartholomew MJ, Hyzinski M, Nowell 
PC. Treatment with 13-cis-retinoic acid in transfusion-de- 
pendent patients with myelodysplastic syndrome and de- 
creased toxicity with addition of alpha- tocopherol. Am J 
Med 1990;89(6):739-47. 

120. Frankel SR, Eardley A, Lauwers G, Weiss M, Warrell RP Jr. 
The retinoic acid syndrome in acute promyelocytic leuke- 
mia. Ann Intern Med 1992;117:292-6. 

121. Muindi J, Frankel SR. Miller WH Jr., Jakubowski A, Schein- 
berg DA, Young CW, et al. Continuous treatment with all- 
trans retinoic acid causes a progressive reduction in plasma 
drug concentrations: implications for relapse and retinoid 
resistance in patients with acute promyelocytic leukemia. 
Blood 1992;79:299-303. 

122. Wang ZY, Sun GL, Lu JX, Gu LJ, Huang ME, Chen SR. 
Treatment of acute promyelocytic leukemia with all -trans 
retinoic acid in China. Nouv Rev Fr Hematol 1990;32:34-6. 



BEST AVAILABLE C^- 



1482 CANCER October 15, 1998 / Volume 33 / Number 8 



123. Peng YM. Dalton WS. Alberts DS, Xu MJ, Li n H, Meyskens 
FL Jr. Pharmacokinetics of N-4-hydroxyprK nyl-retinamide 
and the effect of its oral administration on plasma retinoi 
concentrations in cancer patients. IntJCanctr 1989;43:22-6. 

124. Raelson JV, Nervi C, Rosenauer A, Benedetti L, Monczak Y, 
Pearson M, et al. The PML/RAR oncoprotein is a direct 
molecular target of retinoic acid in acute promyelocytic 
leukemia cells. Blood 1996;88:2826-32. 

125. Rosenauer A, Raelson JV, Eydoux P, DeBlasi > A, Miller WH 
Jr. Alterations in expression, binding to liganc and DNA, and 
transcriptional activity of rearranged and wil i-type retinoid 
receptors in retinoid-resistam acute promyjlocytic leuke- 
mia cell lines. Blood 1996;88:2671-82. 

126. Shao WL, Benedetti L. Lamph WW, Nervi C, Miller WH Jr. A 
retinoid- resistant acute promyelocytic leukemia subclone 
expresses a dominant negative PML-RAR mutation. Blood 
1997;89:4282-9. 

127. Ding W, Li YP, Nobile LM, Grills G, Carrera I, Tallman MS, et 
aL Retinoic acid receptor alpha (RARa)-regio i mutations in 
the PML/RARor fusion gene of acute promyelccytic leukemia 
patients after relapse from all-trans retinoi: acid (ATRA) 
therapy (abstract 1846]. Blood 1997;90(SuppI l):415a. 

128. Lin RJ, Nagy L, Inoue S, Shao W, Miller WH Jr., Evans RM. 
Role of the histone deacetylase complex in acute promyelo- 
cytic leukemia. Nature 1 998;39 1:811-4. 

129. Van Wauwe J, Van Nyen G, Coene MC, Stopj: ie P, Cools W. 
Goossens J, et al. Liarozole, an inhibitor ol retinoic acid 
metabolism, exerts retinoid-mimetic effects i i vivo. J Phar- 
macol Exper Ther !992;261(2):773-9. 

130. De Coster R, Wouters W t Van Ginckel R, End D, Krekels M. 
Coene MC, et al. Experimental studies win liarozole (R 
75251), an an titu moral agent which inhibits retinoic acid 
breakdown. } Steroid Biochem Mol Biol 1992; 13:197-201. 

131. Krekels MDWG, Zimmerman J, Janssens B, Van Ginckel R, 
Cools W, Van Hove C, et al. Analysis of the o>idative catab- 
olism of retinoic acid in rat Dunning R3327G prostate tu- 
mors. Prostate 1996;29:35-40. 

132.Smets G, Van Ginckel R, Daneels G, Moeremans M, Van 
Wauwe J, Coene MC, et al. Liarozole, an antitumor drug, 
modulates cytokeratin expression in the Dunning AT-6sq 
prostatic carcinoma through in situ accumulation of all- 
trans-retinoic acid. Prostate 1995;27:29-40. 

133. Achkar CC, Bentel JM, Boylan JF, Scher HI, Gudas LJ, Miller 
WH Jr. Differences in the pharmacokinetic properties of 
orally administered all-trans-retinoic acid and 9-cis-retinoic 
acid in the plasma of nude mice. Drug Mete b Dispos Biol 
Fate Chem 1994;22(3):451-8. 

134. Van Wauwe JP, Coene MC, Cools W, Goossens J, Lauwers W, 
Le Jeune L, et al. Liarozole fumarate inhibits the metabolism 
of 4-keto-ali-trans-retinoic acid. Biochem Pharmacol 1994; 
47:737-41. 

135. Wouters W, van Dun J, Dillen A, Coene MC, Cools W, De 



Coster R. Effects of liarozole, a new antitumoral compound, 
on retinoic-acid inhibition of cell growth and on retinoic 
acid metabolism in MCF-7 human breast cancer cells. Can- 
cer Res 1992; 52:2841-6. 

136. Van Heusden I, Borgers M, Ramaekers F, Xhonneux B, 
Wouters W, De Coster R, et al. Liarozole potentiates the 
all-trans-retinoic acid-induced structural remodelling in hu- 
man breast carcinoma MCF-7 cells in vitro. Eur J Cancer Biol 
1996;71:89-98. 

137. Hall AK. Liarozole amplifies retinoid-induced apoptosis in 
human prostate cancer cells. Anticancer Drugs 1996;7:312- 
20. 

138. Acevedo P, Bertram JS. Liarozole potentiates the cancer 
chemopreventative activity of and the up- regulation of gap 
junctional communication and connexin43 expression by 
retinoic acid and 0-carotene in 10T1/2 cells. Carcinogenesis 
1995;16:2215-22. 

139. Westarp ME, Westarp MP, Bollag W, Bruynseels J, Biesalski 
H, Grossmann N, et al. Effect of six retinoids and retinoic 
acid catabolic inhibitor liarozole on two glioblastoma cell 
lines, and in-vivo experience in malignant brain tumor pa- 
tients. In: Banzet P. Holland JF, Khayat D, Weil M, editors. 
Cancer treatment - an update. Paris: Springer, 1994:590-8. 

140. Elder JT, Kaplan A, Cromie MA, Kang S, Voorhees IJ. Retin- 
oid induction of CRABPH mRNA in human dermal fibro- 
blasts: use as a retinoid bioassay. / Invest Dermatol 1996; 
106:517-21. 

141. Van Ginckel R. De Coster R, Wouters W, Vanherck W, van 
der Veer R, Goeminne N, et al. Antitumoral effects of R 
75251 on the growth of transplantable R3327 prostatic ade- 
nocarcinoma in rats. Prostate 1990;16:313-23. 

142. Dijkman A, Van Moorsselaar RJA, Van Ginckel R, Van Stra- 
tum P, Wouters W, Debruyne FM, et al. Antitumoral effects 
of liarozole in androgen-dependent and -independent 
R3327 Dunning prostate adenocarcinomas. / Urol 1994; 151: 
217-22. 

143. Stearns ME, Wang M, Fudge K. Liarozole and 13-cis retinoic 
acid anti-prostatic tumour activity. Cancer Res 1993;53: 
3073-7. 

144. Rao KVN, McCormick DL, Bosland MC, Steele VE, Lubet RA, 
Kelloff GJ. Chemoprotective evaluation of liarozole fumar- 
ate, difluoromethyl ornithine and oltipraz in the rat prostate 
[abstract 1864]. ProcAACR 1996:37:273. 

145. Denis, L. Uarozole-fumarate (UA), a novel antitumoral 
drug: clinical update. Presented at Symposium on Recent 
Advances in Diagnosis and Treatment of Prostate Cancer, 
Quebec City, Quebec, Canada, September 21-23, 1995:45. 

146. Debruyne JM, Murray R, Fradet Y, Johanssen JE, Tyrell C, 
Boccardo F, et al. Liarozole, a novel treatment approach for 
advanced prostate cancer results of a large randomized trial 
versus cyproterone acetate. Urology. In press. 



BEST AVAILABLE COPY 



Curriculum Vitae 

JAYASREE VASUDEVAN 

Education 

Doctor of Philosophy in Chemistry (December 1994) 

Indian Institute of Chemical Technology, Hyderabad, India 
Thesis: Synthesis of Some Biologically Active Compounds 
Advisor: Dr. A.V. Rama Rao 

Master of Science (May 1989), 1 st Class Honors 

Organic Chemistry 
Osmania University, Hyderabad, India 

Bachelor of Science (June 1987), 1 st Class Honors 

Mathematics, Physics & Chemistry 
Osmania University, Hyderabad, India 

Work Experience 

Primary CMC contact for interface with the FDA for both drug substance and drug 
product at the pre-IND and Phase 1/2a IND stage 

Preparation of pre-IND briefing packages and CMC sections for Phase 1/2a IND and 

IMPD 

Management of API and drug product manufacturing CROs for Phase 1/2a IND enabling 
toxicology studies and early phase clinical studies 

Member, Research Management Committee, Allergan-Cytochroma research 
collaboration (May 1999-May 2004) that led to identification of a P450RAI inhibitor lead candidate 
for dermatological disease treatment 

Senior Research Scientist/CMC at Vitae Pharmaceuticals ( May 2004-present) 

Principal Scientist in Retinoid Research at Allergan, Inc. (August 2002-April 2004) 

Senior Scientist in Retinoid Research at Allergan, Inc. (November 1999-July 2002) 

Scientist in Retinoid Research at Allergan, Inc. (September 1997-November1999) 

Post-Doctoral Fellow (December 1994 - December 1996) 

Department of Chemistry, 

Rutgers, The State University of New Jersey 

Supervisor: Professor Spencer Knapp 



EXHIBIT 1 To Vasudevan Declaration 



Academic Honors and Awards 

• Junior Research Fellowship, Council of Scientific and Industrial Research (CSIR), India, 
1989-1991. 

• Senior Research Fellowship, Council of Scientific and Industrial Research (CSIR), 
India, 1991-1994. 

• Certificate of Merit, Council of Scientific and Industrial Research, 1989. Awarded for 
qualifying in top 5% in the CSIR-UGC examination. 

• Gold Medal, Osmania University, 1989. Awarded for the most outstanding scholastic 
achievement at the Graduate level. 

• Gold Medal, Osmania University, 1987. Awarded for the most outstanding scholastic 
achievement at the Undergraduate level. 

Research Experience 
Organic Chemistry: 

During my doctoral program, I was involved in the total synthesis of a natural product, an anti-HIV 
marine alkaloid Batzelladine A. Towards this end, I synthesised the tricyclic guanidine segment of 
Batzelladine A. During my post doctoral training, I was involved in synthesizing models for the 
photosynthetic reaction center of bacterial photosystems. Towards this goal, I synthesized a 
series of self-coordinating Zn(ll) porphyrin dimers with a Zn-ligating pyridine tether, and 
conducted structure-based spectroscopic comparisons depending on the extent and direction of 
the porphyrin overlap. 
Drug Discovery: 

I worked as a medicinal chemist in drug discovery with retinoids mainly in the area of RXR 
agonists for oncology and diabetes and P450RAI inhibitors for the treatment of photodamage, 
acne and psoriasis at Allergan. The research effort on P450RAI inhibitors was conducted in 
collaboration with Cytochroma. I served as a member of the joint research committee and was 
involved as the primary medicinal chemist designing and making P450RAI inhibitors and 
managing up 2-5 MS level chemists during this period. I was also responsible for managing, 
interpreting and presenting the data generated at Cytochroma. 
Drug Development and Regulatory Writing: 

I was recently involved in the development of a P450RAI inhibitor, an RXR agonist and an RAR 
subtype selective agonist in the areas of dermatology and oncology as it pertains to scale up and 
procurement of drug substances and drug products and coordination of chemistry related 
development activities at Vitae. I was also involved in the preparation of CMC sections for two 
Phase 1/2a INDs. 

Research Patents/ Patent applications 

1. Jayasree Vasudevan, Rong Yang, Liming Wang, Xiaoxia Liu, Kwok-Yin Tsang, Ling 
Li, Janet Takeuchi, Thong Vu, Richard Beard, Smita Bhat, Vidyasagar Vuligonda, 
Roshantha A. S. Chandraratna. "Methods for treating retinoid responsive disorders 



2 



using selective inhibitors of CYP26A and CYP26B", U.S. Patent Application, 
20050187298, August 25, 2005. 

2 Jayasree Vasudevan, Liming Wang, Xiaoxia Liu, Kwok-Yin Tsang, Ling Li, Janet 
Takeuchi, Thong Vu, Richard Beard, Smita Bhat, Vidyasagar Vuligonda, Roshantha 
A. S. Chandraratna. "Compounds having selective cytochrome P450RAI-1 or selective 
cytochrome P450RAI-2 inhibitory activity and methods of obtaining the same", U.S. 
Patent Application, 20050176689, August 11, 2005. 

3. Yang-Dar Yuan, Jayasree Vasudevan, Scott Thacher, Roshantha A. Chandraratna. 

"Compositions and methods using compounds having cytochrome P450RAI inhibitory 
activity co-administered with vitamin A", U.S. Patent Application, 20040077721, April 
22, 2004. 

4. Richard L. Beard, Tien L. Duong, Janet A. Takeuchi, Ling Li, Kwok-Yin Tsang, 
Xiaoxia Liu, Jayasree Vasudevan, Liming Wang, Santosh Sinha, Haiqing Yuan and 
Roshantha A. S. Chandraratna. "7-[(7-Alkoxy)-chrom-3-en-6-yl]-heptatrienoic acid and 
7-[(3-alkoxy)-5,6-dihydronaphthalen-2-yl]-heptatrienoic acid derivatives having serum 
glucose reducing activity", U.S. Patent, 6,887,896, May 3, 2005. 

5. Jayasree Vasudevan, Alan Johnson, Liming Wang, Dehua Huang and Roshantha 
A. S. Chandraratna. "Methods for identifying inhibitors of cytochrome P450RAI", U.S. 
Patent, 6,855,512, Feb. 15, 2005. 

6. Jayasree Vasudevan, Richard L. Beard, Haiqing Yuan and Roshantha A. S. 
Chandraratna. "3,5-Di-lso-Propyl-Heptatrienoic Acid Derivatives Having Serum Glucose 
Reducing Activity U.S. Patent, 6,759,546, July 6, 2004. 

7 Jayasree Vasudevan, Liming Wang, Yang-Dar Yuan, Xiaoxia Liu, Kwok-Yin Tsang 
and Roshantha A. S. Chandraratna. u 4-[(8-Ethynyl, 8-vinyl or 8-ethynyl-methyl)-6- 
chromanoyl]-benzoic acid and 2-[4-[(8-ethynyl, 8-vinyl or 8-ethynyl-methyl)-6- 
chromanoyl]-phenyl]-acetic acid, their esters and salts having cytochrome P450RAI 
inhibitory activity", U.S. Patent, 6,740,676, May 25, 2004. 

8 Jayasree Vasudevan, Dehua Huang, Vidyasagar Vuligonda and Roshantha A. S. 
Chandraratna. "Dihydrobenzofuran and dihydrobenzothiophene 2,4-pentadienoic acid 
derivatives having selective activity for retinoid X (RXR) receptors", U.S. Patent, 
6,720,423, April 13, 2004. 

9. Jayasree Vasudevan, Alan Johnson, Liming Wang, Dehua Huang and Roshantha 
A. S. Chandraratna. "Compounds having activity as inhibitors of cytochrome P450RAI", 
U.S. Patent, 6,713,647, March 30, 2004. 

10. Jayasree Vasudevan, Alan Johnson, Liming Wang and Roshantha A. S. 
Chandraratna. "1-lmidazolyl substituted tetrahydronaphthalene derivatives as inhibitors 
of cytochrome P450RAI", U.S. Patent, 6,603,019, August 5, 2003. 



3 



11. Jayasree Vasudevan, Alan Johnson, Dehua Huang and Roshantha A. S. 

Chandraratna. "Compounds having activity as inhibitors of cytochrome P450RAI", U.S. 
Patent, 6,531,599, March 11, 2003. 

12 Jayasree Vasudevan, Alan Johnson, Liming Wang, Dehua Huang and Roshantha 
A. S. Chandraratna. "Methods of providing and using compounds having activity as 
inhibitors of cytochrome P450RAI", U.S. Patent 6,495,552, December 17, 2002. 

13. Vidyasagar Vuligonda, Kwok Yin Tsang, Jayasree Vasudevan and Roshantha A. S. 
Chandraratna. "2,4-Pentadienoic acid derivatives having selective activity for retinoid X 
(RXR) receptors". U.S. Patent 6,403,638, June 11, 2002. 

14. Jayasree Vasudevan, Alan Johnson, Dehua Huang and Roshantha A. S. 
Chandraratna. "Compounds having activity as inhibitors of cytochrome P450RAI", U.S. 
Patent, 6,399,774, June 4, 2002. 

15 Jayasree Vasudevan, Alan Johnson, Liming Wang, Dehua Huang and Roshantha 
A. S. Chandraratna. "Compounds having activity as inhibitors of cytochrome P450RAI", 
U.S. Patent 6,387,951, May 14, 2002. 

16. Jayasree Vasudevan, Alan Johnson, Liming Wang, Dehua Huang and Roshantha 
A. S. Chandraratna. "Methods of providing and using compounds having activity as 
inhibitors of cytochrome P450RAI", 17. S. Patent 6,387,982, May 14, 2002. 

17. Jayasree Vasudevan, Alan Johnson, Liming Wang and Roshantha A. S. 
Chandraratna. "Compounds having activity as inhibitors of cytochrome P450RAI", U.S. 
Patent 6,380,256, April 30, 2002. 

18 Alan Johnson, Jayasree Vasudevan, Liming Wang and Roshantha A. S. 

Chandraratna. "Compounds having activity as inhibitors of cytochrome P450RAI", U.S. 
Patent 6,369,261, April 9, 2002. 

19. Jayasree Vasudevan, Alan Johnson, Dehua Huang and Roshantha A. S. 
Chandraratna. "Compounds having activity as inhibitors of cytochrome P450RAI", U.S. 
Patent 6,369,225, April 9, 2002. 

20. Jayasree Vasudevan, Alan Johnson, Dehua Huang and Roshantha A. S. 
Chandraratna. "Compounds having activity as inhibitors of cytochrome P450RAI", U.S. 
Patent 6,359,135, March 19, 2002. 

21. Jayasree Vasudevan, Alan Johnson, Liming Wang, Dehua Huang and Roshantha 
A. S. Chandraratna. "Methods of providing and using compounds having activity as 
inhibitors of cytochrome P450RAI", U.S. Patent 6,313,107, November 6, 2001. 

22. Jayasree Vasudevan, Alan Johnson and Roshantha A. S. Chandraratna. 

"Compounds having activity as inhibitors of cytochrome P450RAI", U.S. Patent 
6,303,785, October 16,2001. 



4 



23 Jayasree Vasudevan, Alan Johnson, Dehua Huang and Roshantha A. S. 

Chandraratna. "Compounds having activity as inhibitors of cytochrome P450RAI", U.S. 
Patent 6,291,677, September 18, 2001 

24. Jayasree Vasudevan, Alan Johnson, Dehua Huang and Roshantha A. S. 
Chandraratna. "Compounds having activity as inhibitors of cytochrome P450RAI", U.S. 
Patent 6,252,090, June 26, 2001. 

25. Vidyasagar Vuligonda, Kwok Yin Tsang, Jayasree Vasudevan and Roshantha A. S. 
Chandraratna. "2,4-Pentadienoic acid derivatives having selective activity for retinoid X 
(RXR) receptors". U.S. Patent, 6,147,224, November 14, 2000. 

26. Jayasree Vasudevan, Richard L. Beard, Dehua Huang and Roshantha A. S. 
Chandraratna. "Amines substituted with a dihydro-benzofuranyl or with a dihydro- 
isobenzofuranyl group, an aryl or heteroaryl group and an alkyl group having retinoid-like 
biological activity". U.S. Patent, 6,093,838, July 25, 2000. 

27 Jayasree Vasudevan, Vidyasagar Vuligonda, Richard L. Beard and Roshantha A. S. 
Chandraratna. "Tetrahydroquinolin-2-one or 7-yl, tetrahydroquinolin-2-thione 6 or 6-yl 
pentadienoic acid and related derivatives having retinoid-like biological activity". U.S. 
Patent 6,048,873, April 11, 2000. 

Research Publications 

1. Scott M. Thacher, Jayasree Vasudevan, Kwok Yin Tsang, Sunil Nagpal and 
Roshantha A. S. Chandraratna. "New dermatological agents for the treatment of 
psoriasis". J. Med. Chem., 2001, 44(3), 1-17. 

2. Scott M. Thacher, Jayasree Vasudevan, and Roshantha A. S. Chandraratna. 

"Therapeutic applications for ligands of retinoid receptors". Curr. Pharm. Design, 2000, 
6(1), 25-38. 

3. Spencer Knapp, Jayasree Vasudevan, Thomas J. Emge, Byron H. Arison, Joseph 
A. Potenza, and Harvey J. Schugar. "A tethered porphyrin dimer with n-Overlap of a 
single pyrrole ring". Angew. Chem. Int. Ed., 1998, 37, 2368-2370. 

4. Jayasree Vasudevan, Robert T. Stibrany, Jean Bumby, Spencer Knapp, Joseph A. 
Potenza, Thomas J. Emge and Harvey J. Schugar. "An Edge-over-edge Zn(ll) 
Bacteriochlorin Dimer Having an Unshifted Q y Band. The Importance of fl-Overlap". J. 
Am. Chem. Soc, 1996, 118, 11676-11677. 

5. Robert T. Stibrany, Jayasree Vasudevan, Spencer Knapp, Joseph A. Potenza, Tom 
Emge and Harvey J. Schugar. "Two modes of self-coordinating edge over edge Zn(ll) 
porphyrin dimerization: A structural and spectroscopic comparison". J. Am. Chem. Soc, 
1996, 118, 3980-3981. 



5 



6. A.V. Rama Rao, Mukund K. Gurjar and Jayasree Vasudevan. "An enantiospecific 
synthesis of the tricyclic guanidine segment of the anti-HIV marine alkaloid Batzelladine 
A", J. Chem. Soc, Chem. Commun., 1995, 1369-70. 

Symposia Presentations 

1 . "Synthesis and Spectroscopy of Edge-over-Edge Zn(ll)Porphyrin and Bacteriochlorin 
Dimers", Jayasree Vasudevan , Spencer Knapp, Robert T. Stibrany, Jean Bumby, Joseph 
A. Potenza, Tom Emge and Harvey J. Schugar, oral presentation, 213th A.C.S. National 
Meeting, San Francisco, April 1997. 

2. "Two Modes of Self-Coordinating Edge-over-Edge Zn(ll) Porphyrin Dimerization", Robert 
T. Stibrany , Jayasree Vasudevan, Joseph A. Potenza, Tom Emge, and Harvey J. 
Schugar, Poster, 30th Middle Atiantic Regional Meeting, Villanova University, May 

1996. 

3. "Two Modes of Self-Coordinating Edge-over-Edge Zn(ll) Porphyrin Dimerization", Robert 
T. Stibrany, Jayasree Vasudevan , Joseph A. Potenza, Tom Emge, and Harvey J. 
Schugar, Poster, Eighth Annual Mini Symposium, Molecular Biophysics, Rutgers 
University, May 1996. 



6 



